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Current Technologies in Single-Cell Microinjection
and Application to Study Signal Transduction
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Summary

Delivery of substances of endogenous or foreign origin into a cell represents a powerful approach to query
molecular cell biology. For the delivery of genes and proteins there are a wide variety of physical and chemical
approaches that are commonly used. These approaches are frequently harsh to the cell and perturb biological
responses. Furthermore, the efficiency of such delivery is often not close to 100%. Finally, depending on the
mechanism of transport into the cell, the delivery is not instantaneous nor is it precisely predictable for timeline.
Single cell microinjection enables instantaneous delivery of material (drug, nucleic acid, and protein) to cellular
compartments. The current state of automation allows the injection of hundreds of cells in a few minutes. Im-
portantly, no carrier molecule needs to be delivered minimizing potential side effects. In its current form of
maturity, the technology provides a powerful platform to dissect signal transduction pathways on a temporal
basis. Specific details describing the methodology related to microinjection are provided in an itemized manner to
help disseminate the use of this technique. The description includes tips on cell preparations, troubleshooting
procedures, and application to signal transduction research. Usefulness of this approach to study redox-active
compounds, which are frequently oxidizable and therefore unstable in nature, has been addressed.

Introduction

Historically, a number of delivery methods includ-
ing cDNA transfection, viral infection, and electropora-

tion have been used to introduce exogenous substances such
as functional proteins, peptides, DNA, RNA, or drugs into
live biological cells. Although these methods have several
advantages, they also suffer from some key limitations. In
some cases, reagents that stress or kill the cells need to be used.
Efficiency of delivery is a frequent concern. In addition, the
exact time and dose of delivery are difficult to track on a single-
cell basis. For example, in the case of transfection of an ex-
pression vector with the goal to deliver protein in the cytosol of
cells, the temporal kinetics of vector delivery and performance
of the protein expression machinery remain uncertain and
may vary from one situation to the other. Thus, such trans-
fection approaches may not be suitable for experiments where
delivery of the protein is necessary at a given time point of the
signaling cascade. Such timed studies are helpful in delineat-
ing the temporal sequence of a signaling cascade.

Microinjection refers to the process of using a microneedle to
insert substances at a microscopic or borderline macroscopic
level into a single living cell. It is a simple mechanical process
in which an extremely fine microneedle penetrates the cell

membrane and sometimes the nuclear envelope and releases
its contents. Microinjection is normally performed under a
specialized optical microscope setup called a micromanipula-
tor. As such, microinjection represents a powerful tool that can
directly and instantly deliver small molecules into compart-
ments of a single cell. The approach allows for fine adjust-
ments of pressure, volume, and duration of each injection,
depending on the target cell type or cell compartment. It is
also possible to inject the same cell multiple times without
disturbing neighboring cells. The efficiency of introducing
biological materials into a cell with microinjection is much
higher compared to other delivery methods. Limitations of
the nature of substances to be microinjected are minimal,
enabling delivery of nucleic acid, small molecules, and pro-
teins as well as blocking antibodies. Microinjection does not
require transfection reagents or viral vectors. Furthermore,
this method only requires pico- to femtoliter volumes of the
substance being introduced into the cell. For experiments
seeking to temporally dissect the sequel of signaling events in
a given cascade, microinjection represents a unique, powerful
tool. In addition, the capability of introducing substances into
specific compartments of the cell, e.g., cytosol vs. nuclear,
helps address signaling events at the level of subcellular
compartments (1–5).
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Methods and Procedures

Equipment

Microscope. An inverted microscope with phase contrast
optics, 5�–40� (or higher) objectives, and proper additional
materials such as a lamp and filters for fluorescent microscopy
are required for microinjection experiments. To protect the
needle and cells from vibration, the microscope should be
placed on a vibration-insulated table. The sample stage
should be maintained at 378C (for mammalian cells), and a gas
environment identical to the culture incubator should be
available (Fig. 10–1).

Micromanipulator and pressure generator. The micro-
manipulator is attached to the needle and allows fine adjust-
ments of the pressure generator, such as adjustment of
compensation pressure, injection pressure, and injection time
of a single-cell injection. Compensation pressure is a lower
pressure to prevent backflow of the cell culture medium into
the glass capillary, and injecting pressure is a higher pressure
that allows substrates to flow into the target cell.

Cell preparation

Microinjection has been used to manipulate fly, frog, and
mouse oocytes and embryos (6–12), human cancer cell lines

(13–16), fibroblasts (17–19), and neurons (20–22). Microinjec-
tion can be applied to most mammalian cells (Fig. 10–2). Pri-
mary neurons are extremely sensitive to most transfection
techniques. Microinjection is a useful approach to introduce
foreign substrates into primary neurons. Working with most
other mammalian cell types is much easier. Larger adherent
cells are most suited to this technique. Cells need to be seeded
approximately 1 to 3 days prior to injection, depending on cell
type. Appropriate cell growth medium and optimal humidity
and CO2 are required during culture. Compared to other as-
says, relatively lower cell densities (lower than 60%) are
suitable for microinjection (Fig. 10–3). Poly-L-lysine coated
coverslips can be used to improve cell adhesion, especially for
primary neurons (21). The use of cell culture dishes marked
with grids is recommended for monitoring the specific in-
jected cells, and glass-bottom dishes can be used for high-
resolution microscopy applications. While injecting, the
sample stage needs to be maintained at 378C, and the sample
gas environment should be maintained exactly as in the cul-
ture incubator.

Sample preparation

Microinjection is particularly useful for unstable (e.g.,
redox-active) molecules that may quickly oxidize in the cell
culture medium before they are delivered into the cell.

FIG. 10–1. Microinjection
workstation. A Zeiss Axiovert
200M microscope (A) and
Eppendorf Injectman N12 (B)
rest on a TMC vibration-free
table (C). The Eppendorf mi-
cromanipulator Femtojet B
5247 (D) is connected with a
glass capillary (E). The sample
stage is maintained at 378C
with Zeiss Tempcontrol-37
(F). Digital images are col-
lected and analyzed using
AxioVision software (G).

FIG. 10–2. Examples of mi-
croinjection into different cell
types. Mouse cardiac fibro-
blast (A), rat primary cortical
neuron (B), and mouse hip-
pocampal HT4 neural cell (C),
are injected with Reagent X.
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Freshly prepared substances may be instantly delivered
into subcellular compartments of choice. Early application
of microinjection was mainly used to understand gene
expression after DNA or RNA delivery into a cell. Today,
this technique is widely used to introduce functional pro-
teins, peptides, antibodies (2, 23, 24), cDNA constructs,
RNA, interfering RNA (5, 20, 25), and drugs (26) into a
single cell (Fig. 10–4). Because the sample solution is di-
rectly delivered to intracellular compartments, preparation
of the sample is critical. Solvents used in preparation of
the sample solution need to be nontoxic, sterile, and cell
culture grade. Sterile PBS or ultrapure water is commonly
used as the solvent in microinjection. Alcohol or lipophilic
solvents can also be used, depending on experimental
design. It is important that the matched vehicle be injected
into control sham-injected cells. Not only does this control
compensate for potential cytotoxicity of the solvent, but
because microinjection is more dependent on an individual
researcher’s skill than other assays, this data provides a
tighter control for individual variations.

Immediately before injection, the sample and a fluorescent
tracker dye are mixed and then loaded into the needle. The
fluorescent dye is helpful as a marker to track successfully
injected cells. Stable trackers such as QDot nanocrystals (In-
vitrogen) are recommended. Other commercially available
dyes possessing excitation wavelengths of 300–800 nm may
be considered. QDot streptavidin conjugate, Alex Fluors,
Texas-Red, Lucifer yellow, and Rhodamine B are commonly
used in microinjection.

Needle preparation

Needle preparation is critically important to accomplish
successful single-cell injection. Both premade capillaries and
micropipette pullers (Fig. 10–5) are available commercially.
For laboratories doing this for the first time, the use of stan-
dard commercial needles is recommended. Needles can be
customized by altering both size and material. Borosilicate
glass capillaries with an inner diameter of 0.5–1 mm and outer
diameter of 1–2 mm are widely used for microinjection. The
micropipette puller then pulls the tip of the capillary to as
small as 0.1–0.5mm. Needle clogging caused by particles in the
sample solution represents a common problem (Fig. 10–6).
Therefore, all sample preparation must be done in sterile
conditions, and extra filtration or centrifugation may be re-
quired to get rid of particulate matter. The needle should be
checked under a microscope just before injection to determine
if clogging or breakage is present.

Single-cell microinjection of Reagent X

Reagent. If your substance of interest is hydrophilic (say,
Reagent X), it may be prepared as an aqueous solution in
sterile solvent and Qdot� 605 ITK� streptavidin conjugate kit
2mM solution (Invitrogen, Carlsbad, CA).

Procedure. In the case of our example, HT4 neural cells
were grown in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal calf serum, 100 units=ml penicillin, and
100mg=ml streptomycin at 378C in humidified atmosphere of
95% air and 5% CO2, as described previously (20, 21, 27–29).
The subsequent procedures are itemized below:

FIG. 10–3. Examples of HT4 neural cell seeding for
microinjection. (A), Optimal condition of placed HT4 neural
cells for microinjection. HT4 neural cells (0.1�106 = plate) are
seeded evenly on 35 mm plates 24 h before microinjection.
Uneven (B) or high-confluency (C) cell seeding is not rec-
ommend for microinjection technique.
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1. HT4 cells (0.1�106 = plate) are grown on 35 mm plates
24 h before microinjection. Because cell condition is a
critical factor for successful microinjection, cells must be
checked just prior to injection, and all information in-
cluding cell density, passage number, and condition
should be recorded. Subconfluent cells are desired.

2. The glass micropipettes are made from GD-1 glass
capillaries (Narishige, Japan) by using a Narishige PC-
10 Puller (Narishige, Japan) with heater set at 52.78C
and weight set at 250 g.

3. A stock solution of Reagent X is freshly prepared in
sterile PBS, mixed with fluorescent marker (QDot
streptavidin conjugate), and loaded into glass micropi-
pettes in the dark.

4. The microinjection workstation including fluorescent
lamp and inverted microscope with lower magnifica-
tion (10�) are turned on. Micromanipulator Femtojet B
5247 and Injectman NI2 (Eppendorf, Hamburg, Ger-
many) are set up with 80 hPa of injection pressure,
40 hPa of compensation pressure, and 0.2 s of time.

5. The 35 mm cell culture plate with HT4 cells is placed on
the workstation, and the tip of the glass micropipette is
submerged into the cell medium.

6. To monitor needle clogging, focus on the tip of the
needle and check under proper fluorescent setting. If
fluorescent dye (QDot streptavidin conjugate) is flow-
ing constantly out of the needle, HT4 cells are ready to
be injected.

7. After refocusing the microscope right above the cell
membrane under higher magnification (40�), the needle
is slowly lowered to the cell using the micromanipulator.

8. When the tip of the needle is close enough to touch the
cell membrane, the Z-axis is locked, and injection
pressure is applied to the target cell.

Notes. It is common to observe needle clogging, which
means reduced or no sample flow through the tip of the
needle. To solve this problem, compensation and injection
pressure may need to be increased. If pressure adjustment
does not improve flow through the needle, we recommend
reloading the sample solution back into the needle after cen-
trifugation or filtration.

Microinjection into a specific cellular compartment. In
cell biology, and particularly in studies addressing redox bi-
ology, it is often useful to target a signaling transduction

FIG. 10–4. Examples of
DNA, RNA, protein, and pep-
tide microinjection. HT4 cells
are injected with combined
plasmid solution for nuclei and
actin (A), siRNA (B), enzyme
(C), and peptide (D).

FIG. 10–5. Microinjection
needle preparation. The glass
microinjection needles are
made from GD-1 glass capil-
laries (Narishige, Japan) by us-
ing a Narishige PC-10 Puller
with heater set at 52.78C and
weight set at 250 g.
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pathway located in a specific cellular compartment (e.g., cy-
tosolic vs. nuclear) (Fig. 10–7). Technically, there is no differ-
ence between cytosolic and nuclear injection. However,
nuclear injection allows for less volume than cytosolic injec-
tion (approximately 10% of cytosolic injection volume) to
maintain the nuclear envelope. Excessive volume may rup-
ture the nucleus. Adopting this approach, we were able to
observe that cytosolic, but not nuclear, injection of the natural
vitamin E a-tocotrienol protects HT4 neural cells against
glutamate-induced insult. Tocopherol did not protect un-

der comparable conditions. We were thus able to conclude
that specifically the tocotrienol form of natural vitamin
E protects neural cells against glutamate by acting on cyto-
solic targets (21). This clue helped us identify c-Src and 12-
lipoxygenase as two major cytosolic targets of tocotrienol
(20, 21, 28). It is also possible to overlay the reagent on the top
of the cell membrane, e.g., membrane overlay. Lipophilic
substances would be expected to traverse the membrane. This
approach is also helpful for surface receptor-ligand interac-
tion studies.

FIG. 10–6. Checking the quality of glass needle for microinjection. Sample flows through the tip of the needle contin-
uously during successful microinjection (A, merged image; B, Texas-Red). Needle clogging is the most common difficulty
encountered in microinjection (C, merged image; D, Texas-Red).

FIG. 10–7. Delivery of Re-
agent X into a specific com-
partment of HT4 neural cells.
Reagent X is delivered to the
cytosolic (A) or nuclear (B)
compartment of HT4 cells. (C),
The cell is overlaid with Re-
agent X on top of the cell
membrane.
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Analysis of microinjection

Determination of a single-cell volume and reagent con-
centration within a single cell. To examine the effect of re-
agents in microinjection studies, it is necessary to determine
the final concentration of the injected reagent within the cell.
For such calculation, it is necessary to measure cell volume
first.

Determination of single-cell volume using atomic force
microscopy

1. Cells are incubated for 30 min in 4% glutaraldehyde
(Sigma, St. Louis, MO) in sterile PBS (Invitrogen,
Carlsbad, CA) at room temperature.

2. Cells are washed three times with sterile PBS and placed
at 48C until measured by atomic force microscopy.

3. Cells are placed under the microscope and then scanned
under PBS in tapping mode using a Bioscope II in-
strument (Veeco, Santa Barbara, CA) equipped with a
Nanoscope V controller. NP-S silicon nitride probes
(Veeco, Santa Barbara, CA) with a nominal spring
constant of 0.32 N=m are used at the resonant frequency
of *20–25 KHz in fluid.

4. Images are acquired at 512�512 lines per scan direction
using a scan rate of 0.25 Hz. Images are recorded for the
height, amplitude, and phase channels.

5. To determine the single-cell volume, horizontal, verti-
cal, and surface distances of five specific locations in a
single cell are measured using Nanoscope software on
the AFM height images (Fig. 10–8).

6. Based on the coordinates from atomic force microscopy,
the following formula for a single-cell volume calcula-
tion is delivered.

To find the volume of a cell above a gel, it is assumed
that the volume is found in a region that is the shape
of an ellipse and that the height above the gel is ap-
proximated by a normal distribution, that is, f(x, y)¼
ae�b2(x� a)

2
� c2(y� b)

2

, where c¼ b a
b, a is the semi-major

axis (i.e., one-half the major axis of the ellipse), and b is
the semi-minor axis (i.e., one-half the minor axis of the
ellipse). The parameters a and b are found by curve fit-
ting to the data under the assumption that each of the
data points is found along the minor axis. The volume is
found by changing the region from an ellipse to the unit
circle (i.e., a circle with a radius of length one) using the
transformation u¼ x

a � 1 and v¼ y
b � 1, then changing

from rectangular coordinates to polar coordinates,
where r¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2þv2
p

and the angle h¼ tan� 1 ( v
u ). Under

these transformations, the equation for the volume of
the cell becomes V¼ ab

R 2p
0

R 1
0 ae�b2a2r2

rdrdh, which
simplifies to V¼ pba

b2a
(1� e� b2a2).

7. From this formula, the volume of a single mouse hip-
pocampal HT4 cell was determined to be on the order
of 1 pL. This volume, taken together with the amount of
substance microinjected, provides an estimate of the in-
tracellular concentration of the injected substance.

Fraction of viable cells. After cells are injected with the
substance of interest, it is recommended that live and dead
cells be counted at <24 h after microinjection. Maintenance of
microinjected cells for >24 h is not recommended because the
microinjected substance may be diluted during cell division.
Another potential complication is that the fluorescent marker
may fade away over time, making it hard to track injected
cells. QDot is very good in this regard and helps track cells
longer than most other fluorophores.

Immunocytochemistry. This approach may be employed
to determine specific protein expression after exogenous
substance delivery and localization or identification of an
injected gene or protein.

1. After microinjection, HT4 cells are washed with PBS
three times and then fixed in 10% buffered formalin
(Fisher Scientific, Pittsburgh, PA) for 20 min.

2. Cells are washed three times with PBS, followed by
permeabilization using 0.1% Triton X-100=PBS (Fisher
Scientific, Pittsburgh, PA) for 15 min.

3. The cells are washed three times with PBS, then incu-
bated with primary antibody 1 h at room temperature.

4. After incubation with primary antibody, cells are washed
with PBS three times and incubated with fluorescent-
labeled second antibody for 1 h at room temperature.

5. After three washes with PBS and incubation with 40,60-
diamino-2-phenylindole (1:10,000) (Invitrogen, Carls-
bad, CA) for 2 min, cells are washed with PBS and
mounted in gelmount (aqueous mount, Vector La-
boratories, Burlingame, CA) for microscopic imaging.

Limitations

Microinjection, in its current form of technology, represents
a powerful tool to study signal transduction in cell biology.
Although it is well suited for single-cell studies, it is not ap-
propriate for experiments requiring introduction of exoge-

FIG. 10–8. Determination of HT4 neural cell volume for
microinjection. Image of glutaraldehyde-fixed HT4 cell was
taken by atomic force microscopy. Horizontal, vertical, and
surface distances of five specific spots were measured and
used for determination of single-cell volume (n¼ 3).
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nous substance to thousands or millions of cells at the same
time. With robotic automated microinjection devices, it is
possible to microinject over a hundred cells within minutes.
Microinjection requires expensive instrumentation and skil-
led personnel. As long as appropriate controls are performed,
transient disruption of the physical integrity of the cell
membrane is not a major limitation.

Conclusion

Precise control of delivery dosage, high delivery efficiency,
and instant delivery are the major advantages of microinjec-
tion in studying signal transduction. For studies involving
redox-active molecules, microinjection is a major asset be-
cause the molecule of interest does not get oxidized in the
harsh extracellular compartment during the delivery pro-
cess. Development of automated high-throughput injection
equipment will make this technology more broadly accepted.
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