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Fabrication Process of Microsurgical Tools for
Single-Cell Trapping and Intracytoplasmic Injection

Pak Kin Wong, Umberto Ulmanella, and Chih-Ming Ho, Member, IEEE

Abstract—In this paper, we introduce chemical etching-based
processes for fabricating micromanipulators from fused silica
microcapillary tubing. The resulting devices are capable of ma-
nipulating individual cells and can be used for intracytoplasmic
injection. Two types of micromanipulating tools: single-cell trap-
pers and micro-injectors, were fabricated with two single-step
etching processes. These etching mechanisms, which are either
surface tension controlled or diffusion rate limited, are discussed
in detail with experimental verifications. The fabrication pro-
cesses are reproducible and amenable to mass production due to
their simplicity and low fabrication cost. Single cell capture and
intracytoplasmic injection have been successfully demonstrated
on brassica oleracea protoplasts. [1188]

Index Terms—Cell trapping, intracytoplasmic injection, micro-
manipulator, photobleaching.

I. INTRODUCTION

MEMS technology enables the fabrication of microde-
vices in the same length scale of various bioparticles,

such as cells and macromolecules, providing tools for direct
manipulation of such objects. Kim et al. [1] first reported a
surface micromachined electromechanical gripper that can
hold a single euglena cell in air. More recently, the operation
of pneumatic and thermally driven cell cages has been demon-
strated in aqueous media [2], [3]. Tools designed for biological
manipulation should be effective in liquid medium, since cells
and biomolecules naturally exist in an aqueous environment.
The ambient liquid environment lends itself to the use of
hydrodynamic forces for this purpose [4], [5].

Micromanipulators combined with precise fluidic and motion
control have proven to be invaluable tools in transgenesis [6] and
in vitro fertilization [7]. Fabrication techniques for these micro-
manipulators are crucial for practical viability. Currently, micro-
manipulators are produced by a “heating and pulling” method. A
small region of the capillary tubing is heated with a laser or a fil-
ament and then pulled until the capillary tubing breaks, leaving a
sharp tip. However, this process requires high cost micropipette
pullers with sophisticated temperature and pulling speed control
to ensure a reproducible geometry. Moreover, pipette pulling
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Fig. 1. Schematic of intracytoplasmic injection.

Fig. 2. Schematic illustrating the surface tension controlled sharpening
process.

is a serial fabrication process difficult to apply to large-scale
production.

In this paper, we present manufacturing processes based on
chemical etching techniques to fabricate micromanipulators
from fused silica micro capillary tubing. The wide range of
dimensions for commercially available silica capillary tubing
allows fabrication of microsurgical tools for various biological
applications, such as transgenesis, patch clamp recording, zona
drilling, and embryo biopsy. The processes we developed also
offers distinct advantages to the heating and pulling method.
Only one simple etching step is required to fabricate the
various micromanipulators described in this study. Different
dimensions and geometries of the devices can be obtained
by modifying the etching conditions. The simplicity and re-
producibility of the chemical etching processes can be easily
adopted for low-cost, large-scale production.

We demonstrate the usefulness of micromanipulators by
performing single cell capture and intracytoplasmic injection.
Fig. 1 shows a schematic of the experiment. First, a cell trapper
captures a target cell. Then, a sharpened microinjector directly
penetrates the cell membrane and delivers desired fluid and
embedded molecules to the target cell. In this report, the phys-
ical principles of the fabrication processes are presented with
experimental verification. We first illustrate a surface tension
controlled etching method for sharpening microcapillaries.
Then, the fabrication of single-cell trappers via a diffusion
limited etching method is discussed in detail. Microinjectors
with highly tapered tips can also be fabricated with this method.
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Fig. 3. SEM micrographs of (a) a sharpened capillary with roughly 2 �m inner diameter, and (b) tip of the microinjector.

The application of our microsurgical devices results in the suc-
cessful intracytoplasmic injection of fluorescent molecules into
single brassica oleracea (cabbage) protoplasts, allowing pho-
tobleaching studies of intracellular physiological conditions.

II. MICROINJECTOR SHARPENED BY SURFACE TENSION

CONTROLLED ETCHING

Microinjectors can be fabricated with a chemical etching
technique originally developed for sharpening optical fiber
tips used in scanning near-field optical microscopy [8].
The chemical sharpening process utilizes surface tension force.
Fig. 2 shows a schematic of this process. The capillary is
immersed into an etchant bath with a layer of organic solvent
atop the etchant. The etchant wets the surface of the capillary.
The surface tension force is reduced as the outer diameter of
the capillary decreases during etching. As a consequence, the
height of the meniscus decreases with time until the etching
front reaches the center of the capillary, forming a sharp tip.
The force balance between the two opposing forces, i.e., sur-
face tension and weight of the etchant, determines the final
tip geometry. The profile of the meniscus can be described by
solving the Young–Laplace equation in the axisymmetric case
with the appropriate boundary conditions. We have performed
independent experiments for measuring the surface tension and
the contact angle to verify the etching model [9]. Experimental
results agree with our etching model. We have also demon-
strated a parallel-etching technique to control the tip geometry
[9]. Tip angle can be adjusted from 7 to 22 by controlling the
boundary condition of the meniscus.

The microinjectors are fabricated by etching 5-cm long cut
sections of fused silica capillary tubing with various inner di-
ameters (Polymicro, TSP series). The approximate outer diam-
eter of the capillaries is either 150 or 365 m, which includes
a respective 12- and 20- m-thick polyimide coating. Roughly
2 cm of the polyimide coating are removed from one end of
the capillaries, either thermally with an open flame, or chemi-
cally with hot piranha. Before etching, the tubing is filled with

silicone oil by immersing the same end into the solvent and al-
lowing the capillary forces to draw the oil inside. This step as-
sures that the inner surface of the capillaries is protected from
the etchant during the subsequent etching processes, thus pre-
serving the inner geometry. The oil-filled capillary is then par-
tially immersed into an HF solution (49%) with a layer of sil-
icone oil atop the solution. Surface tension causes the etchant
to partially displace the silicon oil from inside the capillary. In
order to ensure the fabrication of the sharp tip, the capillary
is immersed to a depth such that the level of the HF/oil inter-
face inside the capillary is much lower than the contact line be-
tween the etchant and capillary. With this precaution, the HF
will etch a portion of the capillary from the inside out. The re-
maining portion of the capillary will be filled with oil, which
preserves the inner geometry during the etching process. All
the etching processes are performed at room temperature. The
etching rate of fused silica in 49% HF can be estimated from
measuring the end diameters of the etched section of the capil-
laries at different times. Accurate determination of the etching
rate is useful to prevent overetching of the inner geometry. The
etch rate is 1.50 m min for our conditions. The chemical
etching process is highly repeatable and has 100% overall yield.
Fig. 3 shows SEM micrographs of a sharpened injector with a

m inner diameter.

III. DIFFUSION LIMITED ETCHING OF TRAPPER AND INJECTOR

A. Single-Cell Trapper

A single-cell trapper with a conical inner geometry can
be fabricated by chemical etching in a diffusion-rate limited
regime. The fabrication process, shown in Fig. 4, employs the
same fused silica tubing used for the injectors. Unlike the pre-
vious process, the polyimide coating is not removed, as it serves
to protect the outer geometry of the capillaries. In addition,
the capillaries are carefully cleaved so that the end is flat and
perpendicular to the axis of the capillary. First, the capillary
is filled with silicon oil by capillary force. During the etching
process, surface tension causes the etchant to partially displace
the silicon oil from inside the capillary. Hydrofluoric acid is
consumed during the chemical reaction and is replenished
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Fig. 4. Schematic of trapper etching with etchant concentration distribution
inside the capillary.

by diffusion into the capillary. Therefore, the concentration
distribution of the etchant inside the capillary is determined
by both the diffusivity of the molecules and the kinetics of the
chemical reaction. The resultant concentration and etching rate
decrease with distance from the immersed end of the capillary.

To model the trapper formation, we assume that the process
is one-dimensional axial symmetric, which can be justified by
the high aspect ratio of the inner geometry of the capillary un-
dergoing etching. Typically, the inner diameter of the capillary
is less than 100 m, while the length of the inner surface im-
mersed into the etchant is on the order of centimeters. Using the
coordinate system defined in Fig. 4, the diffusion equation that
describes etchant concentration is given by (1). The initial and
boundary conditions are given in (2) through (4).

(1)

(2)

(3)

(4)

where is the concentration distribution at time is
the initial meniscus height, is the diffusion constant, and is
the first-order reaction rate coefficient. The two boundary con-
ditions are derived from the bulk HF concentration, , at the
end of the capillary and the assumption that the diffusion rate
at the oil-etchant interface is negligible. Since the volume in-
side the capillary is small, most of the etching is contributed
from HF molecules diffusing from the bulk solution. The tran-
sient concentration distribution has minimal effect on the final
trapper geometry. Therefore, we further simplify the model by
considering only the steady-state concentration distribution of
the etchant. Equation (5) shows the steady state solution of the
etchant concentration distribution. For first order reaction ki-
netics, the etch profiles at different times can be estimated by
multiplying the concentration distribution by the etching rate
coefficient and the etching time

(5)

where is the effective diffusion length. The length
scale describes the average distance that molecules diffuse be-
fore being consumed in the chemical reaction. For , the

Fig. 5. Calibration of optical distortions.

Fig. 6. Capillaries at different etching times during single-cell trapper
formation. The outer diameter of the capillary before etching is 325 �m. The
polyimide coating was removed after the etching process to take the pictures.

term approaches 1, and the steady state concentra-
tion distribution is approximately independent of the meniscus
height . Physically, this indicates that the diffusing molecules
are rapidly consumed in the chemical reaction and the concen-
tration of HF becomes negligible before reaching the etchant-oil
interface.

A typical etching process requires less than thirty minutes
depending on the desired dimensions of the trapper. The cylin-
drical geometry of the capillary and the difference in refrac-
tive indexes between the capillary and air cause the inner di-
mension of the cell trapper to appear larger than its actual size.
This magnification can be determined by construction of a cor-
responding ray diagram [10] and is simply given by the ratio of
the refractive indexes under the small angle approximation. We
have experimentally calibrated the magnification by using cap-
illaries with known inner diameters. For microcapillaries with a
325- m-outer diameter, the small angle approximation is valid
for up to a 100- m-inner diameter, as shown in Fig. 5. The mag-
nification factor is found to be 1.48, which is in excellent agree-
ment with the refractive index of fused silica for wavelengths
from 250 nm to 600 nm (1.50–1.45). Therefore, the actual inner
geometry of the trapper can be estimated by simply using a cor-
rection factor.

Fig. 6 shows a series of capillaries after different etching
times. The inner diameter of the conical region increases with
time. It should be noted that etching can also occur at the lower
end of the capillary which causes sharpening of the outer ge-
ometry. The mechanism of this process will be discussed in
the next section. Fig. 7 shows the experimentally determined
trapper geometries at different etching times compared with the
diffusion model. The effective diffusion length is experimen-
tally determined to be 169 m. To verify the diffusion model,
we obtained the diffusion constant of HF ( cm s )
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Fig. 7. Profiles of the single-cell trapper as a function of etching time.
Solid lines represent the etched profiles calculated with the diffusion model.

Fig. 8. Schematic of the diffusion-limited sharpening process.

from [11]. The first order reaction kinetic coefficient is calcu-
lated by scaling the bulk-etching rate (1.5 m min ) with the
surface area to volume ratio of the etching condition. The ef-
fective diffusion length is then estimated to be 143 m, which
is in reasonable agreement with our experimentally determined
value.

B. Sharpened Microinjector

Microinjectors with highly tapered tips can be fabricated by
utilizing the aforementioned diffusion limited etching process.
The polyimide coating is partially removed and the capillary is
immersed such that the entire bare silica portion is in etchant,
as shown in Fig. 8. The polyimide coating is permeable to HF
molecules. This was confirmed with two experiments. In the
first, a capillary whose ends were sealed with baked photoresist
was fully immersed in an etchant solution. In a second exper-
iment, the capillaries were bent into a closed loop and only
partially immersed in HF solution, carefully keeping the ends
outside the etchant bath, thereby eliminating the possibility
that HF would seep through the polyimide coating. The two
experiments consistently showed that the wetted portion of
the capillary underneath the polyimide coating was etched.
The etching rate was experimentally determined to be roughly
0.08 m min . Since HF molecules can diffuse across the
polyimide coating and etch the capillary, a small gap is formed
between the polyimide coating and the silica capillary after
initiation of the etching process. At this point, HF molecules
can diffuse into the gap from the open end of the polyimide

Fig. 9. Capillaries at intermediate etching stages during tip formation.
The outer diameter of the capillary before etching is 325 �m. The polyimide
coating was removed after the etching process to take the pictures.

Fig. 10. Profiles of the microinjector as a function of etching time. Solid lines
represent the etched profiles calculated by the diffusion model.

coating. The etching mechanism is the same as the 1-D dif-
fusion model developed for the single-cell trapper formation.
Fig. 9 shows pictures of the capillary at intermediate stages
of the sharpening process. This technique allows for the fab-
rication of much longer tips than in the previous case. Fig. 10
shows the experimentally determined tip profiles at different
etching times. These results are compared with a model that
considers both diffusion and etching across the coating. A good
correlation has been obtained between the etched profiles and
the diffusion model.

C. Discussion

We have described the fabrication of microsurgical tools ob-
tained by chemical etching of microcapillaries. To provide a
more accurate description of the etching processes, other effects
such as higher order reaction kinetics, transient dynamics, and
microconvection should be considered. Transient dynamics and
high order reaction kinetics have shown to be important in the
etching of high aspect ratio sacrificial layers, where the mate-
rial-etchant interface is changing with time [11]. Microconvec-
tion is believed to be the etching mechanism for the sharpening
of chalcogenide fibers in piranha solution [12]. The local distri-
bution of etchant concentration because of the microconvection
pattern provides a reasonable explanation of the necking effect
observed in their experiment. However, microconvection is un-
likely to be important in our etching condition since we did not
observe any necking effect. Furthermore, the high axial etching
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Fig. 11. Video time series showing the capture of a cabbage cell with the single-cell trapper. The images are separated by 1.5 s.

rate in the highly tapered tip etching cannot be explained by
microconvection. As shown in Fig. 9, the tapered length can be
longer than 2 mm for an etching time of 108 min, which is equiv-
alent to an etch rate of m min . This is much higher than
the measured bulk-etching rate of 1.5 m min . The difference
in the etching mechanisms is likely due to the different materials
and etchant used in the experiments.

Formation of optical fiber tips inside polymer coatings has
previously been described by other research groups [13], [14].
The process is referred to as tube-etching, which produces
tips with a smooth surface for scanning near-field optical
microscopy. For an impermeable coating, microconvection is
proposed as the sharpening mechanism inside the polymer
coating [14]. For a permeable coating, sharpening is suggested
to be a result of a gradient in the lateral diffusion along the
tip in the meniscus region [14]. In our case, the polyimide
coating is found to be slightly permeable to HF. However, the
etching rate of fused silica across a polyimide coating is only
0.08 m min , which is much smaller than the bulk-etching
rate of 1.5 m min . A much longer etching time would
be required for the tip formation than the 108 min in our
experiment. Moreover, taper is always observed near the poly-
imide-coated end rather than the region of the etchant-solvent
interface. Therefore, lateral diffusion gradient is unlikely to be
important in our etching condition. The difference between our
experiment and tubing etching could be a result of the different
permeabilities of the polymer coatings used in the experiments.
Further investigation is required to clarify this point.

The present diffusion-reaction model already covers the
major features of the etching processes. Despite the simplifica-
tions adopted, the model correlates well with the etch profiles
of both the single-cell trapper and the highly tapered microin-
jector. This suggests that the etching dynamics are dominated
by the proposed mechanism for our etching conditions. The
model provides a fundamental understanding of the process
and offers insights for modification of the device geometry.
Based on the diffusion model, single-cell trappers with tailored
dimensions can be fabricated by simply controlling the etch
time. Moreover, the trapper’s inner geometry and the injector
tip profiles can be adjusted by modifying the effective diffusion
length, which changes the steady state concentration distri-
bution of the etchant. The effective diffusion length can be
modified by controlling the etching temperature or the etchant
used.

IV. INTRACYTOPLASMIC INJECTION

The utility of the micromanipulators is demonstrated by an
intracytoplasmic injection experiment. Intracytoplasmic injec-
tion is a powerful tool in genetics [15], assisted fertilization [7],

Fig. 12. Video images demonstrating intracytoplasmic injection (see also
text).

and other cellular research [16]. In our experiments, metabol-
ically competent brassica oleracea (cabbage) protoplasts that
are roughly 50 m in diameter are used. The cells are prepared
by cutting fresh cabbage into segments of roughly 1 mm length.
The segments are then incubated with a digestion medium
containing 500 mM D-Sorbitol (Sigma S-1876), 1 mM CaCl
(Sigma, 23922-4), 5 mM MES (Sigma, M-8250), 2% cellulase
(Sigma, C-9422), and 0.3% pectinase (Sigma, P-2401). The
pH value is adjusted to 5.5 with the addition of KOH. After
incubation for 3 hours at room temperature, the cells are washed
out by gently shaking the tissue within an isotonic medium
containing 500 mM D-Sorbitol, 1 mM CaCl , and 5 mM MES.
The pH value of the medium is adjusted to 6.

The intracytoplasmic injection experiments are performed on
an inverted microscope (Nikon Eclipse TE200) for phase con-
trast and epifluorescence microscopy. The single cell trapper
is kept in a fixed location, while the position of the microin-
jector is controlled by a translation stage mounted on the mi-
croscope. Extra care should be taken to prevent breakage of the
sharp tip. Both micromanipulators are connected to digital sy-
ringe pumps (Harvard apparatus 44I/W). Fig. 11 shows a video
time series of a cell captured with the single-cell trapper. Ad-
justing the internal pressure of the single cell trapper generates
a flow field around the trapper. The hydrodynamic suction force
produced on the target cell in the flow field is sufficient to drag
the cell to the trapping site. Then, the translation stage advances
the injector toward the trapper until the cell membrane is pen-
etrated. Fig. 12 shows video images of the cell membrane pen-
etration with a microinjector. After the single cell trapper cap-
tures the target cell [see Fig. 12(a)], the microinjector is moved
toward the cell and placed in contact with the cell membrane
[see Fig. 12(b)]. The cell membrane deforms under the force
applied by the tip of the microinjector [see Fig. 12(c)]. Finally,
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Fig. 13. (a) Phase contrast image of a cell penetrated by a microinjector,
(b) fluorescence image of the same cell, and (c) intensity contours illustrating
accumulation of the dye.

Fig. 14. Comparison of intracellular and extracellular photobleaching.

the tip breaks though the membrane and penetrates the cell [see
Fig. 12(d)].

With the capability of cell membrane penetration, a variety of
molecules can be directly delivered into a target cell by means
of the microinjector. A fluorescent dye, rhodamine B, is in-
jected into a cell to demonstrate fluid delivery. Fig. 13(a) and (b)
shows the phase contrast and fluorescence images of the cell.
Rhodamine B selectively accumulates in some regions inside
the cell [see Fig. 13(c)]. The dye binds selectively to some or-
ganelles and accumulates in these locations. Furthermore, we
can measure photobleaching within the cell. Photobleaching is
the decay of fluorescence intensity due to photochemical reac-
tions of the dye molecules [see Fig. 14]. Measurement of pho-
tobleaching allows direct probing of the intracellular physiolog-
ical condition, since the photobleaching rate depends on several
physiological factors, such as oxygen concentration [17].

V. CONCLUSION

We have developed simple and accurate processes based on
chemical etching techniques to fabricate microsurgical tools for
single cell trapping and intracytoplasmic injection. The sim-
plicity and reproducibility of the chemical etching processes can
be easily adopted for low cost mass production. Furthermore,
the ability to precisely control etch profiles combined with the
wide range of dimensions for commercially available capillary
tubing creates opportunities to fabricate microsurgical tools for
various biological applications. Micromanipulators fabricated

from capillaries provide an effective way to manipulate biopar-
ticles at the cellular level. With precise fluidic control, it is pos-
sible to deliver fluids with a precise quantity of molecules into
target cells. This allows direct interaction with the complex cel-
lular system at a molecular level.
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