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ABSTRACT

Design and Testing of a Biological Microelectromechanical System for the
Injection of Thousands of Cells Simultaneously

Gregory H. Teichert
Department of Mechanical Engineering, BYU
Master of Science

The ability to inject DNA and other foreign particles into cells, both germ cells (e.g. to
produce transgenic animals) and somatic cells (e.g. for gene therapy), is a powerful tool in genetic
research. Nanoinjection is a method of DNA delivery that combines mechanical and electrical
methods. It has proven to have higher cell viability than traditional microinjection, resulting in
higher integration per injected embryo.

The nanoinjection process can be performed on thousands of cells simultaneously using an
array of microneedles that is inserted into a monolayer of cells. This thesis describes the needle
array design requirements and the fabrication process used to meet them. The process uses unpas-
sivated and passivated deep reactive ion etching (DRIE) to create needles with a constant diameter
shaft and a pointed tip. The needle diameter and height are about 1 um and 8 pm, respectively.
A buckling analysis and physical testing show that the needles can withstand the force required to
penetrate the cells.

The chip is attached to a plastic suspension with a counter electrode and electrical connec-
tions to a voltage source. The suspension’s motion is defined by two compliant orthoplanar springs
that have been vertically and rotationally offset for added stability. The base of the suspension is
designed to exactly fit in the bottom of a cell culture dish, where the needle array can be pushed
into the cell monolayer.

Injection protocol was created and followed to perform tests with needle insertion only,
voltage application only, and the full nanoinjection process. The average cell viability for the
full injection process was 98.2% compared to an average control viability of 99.5%. Zero volt
injections with a high concentration of propidium iodide, a cell impermeable dye with two positive
charges, resulted in dye uptake from diffusion, proving that the needles are penetrating the cells.
Tests comparing injections with and without voltage had high variability in dye uptake. Therefore,
glass cover slips were placed in the culture dishes to provide more consistent injection conditions.
This reduced variation in zero voltage tests. It is recommended that this procedure be followed for
performing injections with voltage.

Keywords: MEMS, microinjection, nanoinjection, microneedles, DRIE, cell culture
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CHAPTER 1. INTRODUCTION

The ability to inject DNA and other foreign particles into cells, both germ cells (e.g. to
produce transgenic animals) and somatic cells (e.g. for gene therapy), is a powerful tool in genetic
research. Several current methods of DNA delivery are analyzed by [1,2] including viral, me-
chanical, electrical, and chemical methods. Viral methods are reported as being the most effective,
but they present several challenges, including toxicity, limited DNA carrying capacity, and high
cost. Microinjection is also reported as being relatively effective and having low toxicity, but it is
laborious and time intensive since cells are injected one at a time. Nanoinjection uses a mechan-
ical method similar to microinjection, but it also incorporates electrical methods in the injection
process [3-9]. While the current nanoinjection system, like microinjection, is limited to injecting
cells individually, it has potential to inject multiple cells at the same time using an array of mi-
croneedles. This thesis presents a microneedle array fabrication method, injection system setup,
and injection protocol that provide a basis for the adaptation of nanoinjection to a simultaneous

multi-cell injection system.

1.1 Nanoinjection

The nanoinjection process uses a solid needle, termed a lance, and a counter electrode (see
Figure 1.1). Both are placed in a solution with the cells to be injected. The lance is electrically
charged with a positive charge, and DNA is added to the solution. The DNA, which has a double
negative surface charge, accumulates on the lance. The lance is inserted into one of the pronuclei
of the cell, the charge is reversed to release the DNA, and the lance is removed. The process can be
modified using electroporation to introduce the DNA into one of the pronuclei. The lance would be
used as before to transfer the DNA into the cytoplasm. A high voltage would then be used to both

electroporate the pronuclei and repel the DNA from the lance and into at least one of the pronuclei.
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Figure 1.1: SEM (scanning electron micrograph) of the on-chip MEMS nanoinjector.

Side-by-side studies were done with microinjection and nanoinjection [9]. Nanoinjection
resulted in 6.2% integration per injected embryo while microinjection resulted in 1.6%. This is
largely due to the higher levels of cell viability from nanoinjection. 77.6% of nanoinjected em-
bryos proceeded to the two-cell stage compared to 54.7% of microinjected embryos. The increase
in viability is likely due to the smaller cross-section of the nanoinjection lance (0.06 um?) com-
pared to a microinjection needle (0.78 um?). Furthermore, nanoinjection inserts the DNA without

injecting any extracellular fluid, unlike microinjection.

1.2 Microneedle Arrays

The nanoinjection system is currently limited to the injection of individual cells on the
order of 80 um in diameter. Using microneedle arrays, it will be possible to inject multiple cells
simultaneously, including smaller somatic cells. The majority of microneedle arrays are on the
order of 100 um tall [10-15]. McAllister et al. fabricated an array of solid microneedles to
show the ability to deliver foreign particles into thousands of cells simultaneously [16]. The array
included 160,000 needles spaced 25 pum apart with a base diameter of 15 pum, a tip diameter less
than 1 um, and a height of 25 um (see Figure 1.2(b)). The array was inserted into a monolayer
of prostate cancer cells (approximately 25 pum in diameter) that had been bathed in a solution

containing a fluorescent molecule. After the needles were retracted from the cells, the fluorescent



Figure 1.2: SEMs (scanning electron micrographs) of microneedles fabricated of silicon, polymer,
and metal using several different methods [16].

molecule had been delivered to about 85% of the cells. A viability stain showed that about 90% of
the cells were viable.

Microneedle arrays have also been used for electroporation [14, 17]. Choi et al. developed
an electrically functional microneedle array for eventual use in the electroporation of epidermal
cells to increase transfection of DNA vaccines. The purpose of these microneedles is not to in-
dividually penetrate the cells. The microneedles are first used to help the vaccine penetrate the
stratum corneum (a layer of dead tissue that protects the living skin cells). They are then used as
the electrodes for electroporation. The small size and close spacing of the microneedles require a
relatively low voltage to achieve the high electric field necessary for electroporation. Many meth-
ods have been developed for fabricating microneedles. McAllister, et al. report several fabrication
methods that fall into two categories [16] (see Figure 1.2). The first category involves directly
etching the microneedles from a substrate, typically silicon. The second category involves cre-
ating a micromold, usually by etching, and then filling the mold with metal or polymer. Hollow
microneedles were formed by using solid microneedles as the micromold. A thin layer of material
was coated on the solid microneedle, after which the solid microneedle was removed to leave a

hollow core. Another fabrication method that falls in the etching category is shown by Gassend
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Figure 1.3: This schematic describes the layout of the injection system. The needle array chip is
attached to the chip suspension and connected to a voltage source. The suspension is lowered into
a culture dish of cells for injection.

et al. in [18]. This process involves both unpassivated and passivated deep reactive ion etching
(DRIE) to produce a needle with a shaft of constant diameter except at the tip, where the needle

tapers to a sharp point.

1.3 Research Objectives and Thesis Outline

This research project met three main objectives:

1. Fabricate needle arrays that are able to penetrate a cell monolayer without causing significant

cell death.
2. Design an appropriate system for performing injections.
3. Develop a protocol for the lance array injection system and test with a dye.

Chapter two specifies the needle array design requirements and the fabrication method used
to meet them. Needle arrays were fabricated from single-crystal silicon using DRIE, producing 2 x
2 cm chips with approximately 4 million needles. The needles are an average of 1 m in diameter
and 8 um tall with 10 um center-to-center spacing. Various studies were done of the etches used
in the process to gain further control over the final needle geometry. A buckling analysis verifies

the feasibility of the needle dimensions specified in the design requirements.
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The third chapter describes the injection system and the necessary design constraints. Three
suspensions were designed using a compliant orthoplanar spring to allow vertical displacements
but minimize all other deflections. The third chip suspension incorporates an electrical connection
to the chip and counter electrode, allowing it to be used with the full nanoinjection process.

Chapter four describes the injection protocol developed for testing with HeLLa 229 cells (see
Figure 1.3). Cell viability is reported for tests done with needle insertion only, voltage only, and
the full nanoinjection protocol. Propidium iodide, a membrane impermeable dye with two positive
charges per molecule, was used in injections with and without voltage. It was shown through
diffusion of the dye into the cells that the needles are piercing the cell membrane. Performing

injections on glass cover slips may provide a more consistent injection environment.



CHAPTER 2. NEEDLE ARRAY FABRICATION

This chapter presents the design and fabrication of the needle array, studies concerning the
etches used in the fabrication process, and a buckling analysis of the needles.

There were at least five design requirements for the needle array:

1. The needle array must be made of an electrically conductive material for the nanoinjection

process to apply.

2. The needles need to be spaced in such a way to inject every cell in the culture. Round HeLa
cells are about 15 um in diameter when adhered [19]. However, HeLa cells generally stretch
when they adhere to the culture dish, often reaching over 50 um in length with a 10 um

width (see Figure 2.1).
3. The needles should have a pointed tip to facilitate piercing of the cell.

4. The needles should be taller than the HeLa cells are thick to avoid additional stress due to
the substrate pressing against the cells. HeLa cells are usually about 4 pum thick, although

they can be more than 8 yum thick [20,21].
5. The needle shaft should be narrow (approximately 1 tm diameter) to minimize cell death.

The following fabrication process is designed to meet each of these requirements.

2.1 Fabrication Process

The needle array fabrication process is based on the process reported by Gassend, et al.
in [18], although certain steps and parameters have been adapted for the current application. The

specific settings used in the DRIE steps can be found in Appendix A. The needle array is fabricated



Figure 2.1: This optical micrograph shows both round and stretched HeLa cells that have adhered
to a cell culture dish.

Figure 2.2: This schematic shows a sideview of the fabrication process. (a) A photoresist disc is
used as a mask during (b) the first unpassivated DRIE (deep reactive ion etching) step and the (c)
passivated DRIE step. (d) The photoresist mask is removed for (e) the final unpassivated DRIE
step.

from single-crystal silicon in order to be electrically conductive and fulfill the first design require-
ment. This also takes advantage of the well established silicon etching techniques. The processing

steps are as follows:

1. An array of AZ3330 positive photoresist discs is patterned onto the wafer using photolithog-
raphy. These photoresist circles are used as the mask layer in the process (see Figure 2.2(a)).

They have a diameter of about 5 um and are spaced 10 um from center to center. This



spacing ensures that each HeLa cell will be pierced at least once, according to the second
design requirement. Because of variation in the photolithography, the diameter of the circles
are measured in order to determine the necessary time for the final unpassivated DRIE (deep

reactive ion etching) step.

. The wafer is diced into 2 x 2 cm chips. Each chip undergoes an unpassivated DRIE step
for 30 seconds to undercut the photoresist discs. This undercut will eventually form the tip
of the needles described in requirement three (Figure 2.2(b)). The etch is performed with a

sulfur hexafluoride plasma.

. A passivated DRIE step is then performed to create the shaft of the needle (Figure 2.2(c)),
using a 3 minute Bosch etch. This produces needles that are usually 8 um tall, according to
the fourth requirement. Needle height can be controlled completely by this step, therefore
the etch time can be increased if the strain of cells used in testing is thicker than the average

value of 4 um.

. The photoresist masks are removed with acetone (Figure 2.2(d)), and the passivation layer
left by the Bosch etch is removed with a 2 minute oxygen plasma [22]. The oxygen plasma

leaves a coating of silicon dioxide, which is removed by a 30 second hydrofluoric acid etch.

. A final sulfur hexafluoride unpassivated DRIE step of about 35 seconds reduces the diameter
of the shaft to the desired size and creates a tip at the end of the shaft (Figure 2.2(e)). The
needles are usually between 0.5 and 1 um in diameter (Figure 2.3(a)), satisfying design
requirement five. This etch step is primarily responsible for the needle diameter and can be

adjusted if a different diameter is desired.

. If an insulative layer covering the floor layer but leaving the needles exposed is desired, a

small amount of photoresist can be spun onto the chip and hard baked (see Figure 2.3(b)).



(a) Array of silicon needles (b) Photoresist insulative layer

Figure 2.3: (a) The silicon needles are usually between 0.5 and 1 yum in diameter and 8§ um long
with 10 um spacing. (b) Photoresist can be used to create an insulative floor layer.

2.2 Etch Studies

Four etch studies are reported here. These were done to understand the effect of the etch
parameters on the final needle geometry. This led to greater control over the fabrication process
and allowed the needle design requirements to be met.

The first two studies involve two methods of passivated DRIE: continuously passivated
DRIE and the Bosch etch. The passivated DRIE step is used to produce vertical sidewalls, but
small changes in the etch parameters can affect the angle of the sidewall. These two studies explore
and report on the etch parameters that affect sidewall angle. The needles should have no taper or
only a slightly positive taper to minimize the cross-sectional area and the stress in the needles.

The third study looks at the sensitivity of the needle geometry to the two unpassivated
DRIE steps. Both steps affect the needle tip, but only the final etch affects the needle diameter. The
photolithography process leaves some variation in the photoresist mask diameter, which changes
the necessary final etch time. Knowing how much each etch affects the needle geometry allows
the user to know how to adjust the etches. For example, if the needle geometry is very sensitive to
both unpassivated etch steps, then adjusting the final etch time will also require an adjustment to
the first etch. This study shows which parameters to change and how they affect the needle.

The needle fabrication method reported by Gassend, et al. [18] leaves the etch mask on the

needles for the entire process. Hanein et al. [12] remove the mask layer before producing the tip



(a) 38 sccm oxygen (b) 40 sccm oxygen (c) 42 sccm oxygen

Figure 2.4: Decreasing the amount of oxygen from 40 sccm to 38 sccm caused a noticeable nega-
tive taper. However, increasing the oxygen from 40 to 42 sccm had no significant effect on taper.
The difference in column height was due to different etch times.

on the needles in their fabrication process. The fourth study in this section shows the effects of

each method in this fabrication process.

2.2.1 Continuously Passivated DRIE Step

A passivated DRIE step can be achieved in DRIE by combining sulfur tetrafluoride (SF¢)
and oxygen (O;) in the plasma etch. This combination has been studied in RIE (reactive ion
etching), and the method of finding the combination that results in vertical sidewalls is call the
black silicon method [23,24]. These studies have shown that decreasing the O, to SFg ratio creates
a more negative taper. Increasing the ratio makes the taper more positive, but the effect diminishes
as the amount of oxygen increases. This was also demonstrated using DRIE (see Figure 2.4).
However, this combination of gases produced porous, uneven sidewalls when using DRIE, whereas
the sidewalls are reported to be smooth when using RIE [23,25]. The Bosch method produces

nonporous, even sidewalls, so it was chosen for the fabrication process.

2.2.2 Bosch Etch

The Bosch etch creates a passivated DRIE step by alternating between an unpassivated
DRIE step and the deposition of a passivation layer. Changing the length of the etch and deposition

steps affect the taper of the sidewall. In order to minimize any negative taper, a study was done

10



(a) 8.0 sec etch step (b) 5.0 sec etch step (c) 4.0 sec etch step (d) 3.0 sec etch step

Figure 2.5: Decreasing the etch step in the Bosch etch decreases the negative sidewall taper, as
shown in (a) and (b). It can also lead to (c) silicon “grass” or (d) eventually halt etching.

to find the relationship between the etch time, passivation time, and the sidewall taper. The length
of the passivation step was kept at 5.0 seconds and the total length of the Bosch etch was held
constant, but the length of the etch step was changed. The results are shown in Table 2.1. The 5.0
second etch time produced the best results with a taper of 0°. It was noted that the height of the
columns also decreased as the etch step was decreased. Figure 2.5 shows the results of 8.0, 5.0,
4.0, and 3.0 second etch periods. With a 4.0 second etch step and to a lesser degree with the 5.0
second etch step, silicon “grass” was produced around the columns. This is due to the positive
taper produced by this etch recipe. Dust, photoresist, or other small particles on the chip act as
small masks. With a negative taper these are quickly undercut, and their effect is not seen. With
a positive taper, however, these particles produce slender columns whose cross section increases
with the etch depth. The 3.0 second etch step was not able to etch through the passivation layer

left by the 5.0 second passivation step.

Table 2.1: The Bosch etch was modified by reducing the etch step time to understand the effect on
sidewall taper.

Etch Time (s) | Top Diameter (um) | Bottom Dia. (um) | Height (um) | Taper
8.0 4.58 4.15 7.92 —1.55°
7.5 4.78 4.52 7.99 —0.93°
7.0 4.57 4.36 7.11 —0.84°
6.0 4.74 4.69 6.23 —0.23°
5.0 5.40 5.40 4.11 0°

11



(a) Baseline etch times (b) Istetch increased by 1 second (c) 2nd etch increased by 1 second

Figure 2.6: These SEMs show that the final needle geometry is not as sensitive to the first unpas-
sivated DRIE step as it is to the second unpassivated DRIE step.

2.2.3 1st and 2nd Unpassivated DRIE Steps

A brief study was done to show the effect of the first and second unpassivated DRIE steps.
A baseline recipe was chosen that produced needles of the proper geometry with a first unpas-
sivated DRIE step of 20 seconds and a second unpassivated DRIE step of 18 seconds (Figure
2.6(a)). Another chip was fabricated with the first unpassivated DRIE step increased to 21 seconds
and the second unpassivated DRIE step kept at 18 seconds (Figure 2.6(b)). A third chip kept the
first unpassivated DRIE step at 20 seconds and increased the second unpassivated DRIE step to 19
seconds (Figure 2.6(c)). It is seen that the change in the first unpassivated DRIE step made little
difference in the needle geometry, but the change in the second unpassivated DRIE step created a
significant decrease in the needle diameter. Therefore, any changes in the photoresist mask size

should be compensated by making small changes in the final unpassivated DRIE step.

2.2.4 Mask Removal Before and After the Second Unpassivated DRIE Step

The mask can be removed either before or after the second unpassivated DRIE step. Re-
moving the mask before the final unpassivated DRIE step produces the tip in Figure2.7(a) uni-
formly across the chip. If the unpassivated DRIE step were a true isotropic etch, removing the

mask after all DRIE steps would produce a sharper tip (see Figure 2.7(b)). However, since the

12



Figure 2.7: (a) Tip resulting from mask removal before the final unpassivated DRIE step, (b) tip
from mask removal after an ideal isotropic etch, and (c) tip resulting from mask removal after the
final unpassivated DRIE step.

unpassivated DRIE step has a slight bias towards the substrate, it produces the tip shown in Figure
2.7(c). Therefore, removing the mask before the final unpassivated DRIE etch step produces the
better tip using the current etch methods. However, if a sharper tip is needed, the mask should

remain for the second unpassivated etch step and a purely isotropic etch should be used.

2.3 Buckling Analysis

A buckling analysis was performed to ensure that the needle dimensions specified in the
design requirements are feasible. The equations used in this section are reported in [26]. Slender
columns in axial compression will fail either in compression or in buckling depending the column

geometry and end conditions. The slenderness ratio S, is used to determine which failure mode

13



will occur. The slenderness ratio is found using the following equations:

Lefs
= < 2.1
Sr=" 2.1)

1
k=]~ 2.2
! (2.2)

where [, 77 is the effective length of the column based on the actual length and the end conditions,
I is the area moment of inertia of the column’s cross section, and A is the cross sectional area. For

a circular cross section, the equation reduces to

21
S, == (2.3)

r

where r is the radius of the cross section.

The needles in the array undergo a fixed-free end condition during the injection process,
resulting in an effective length of 2/, or twice the actual length of the column. The slenderness
ratio then becomes

S, =— (2.4)
r

If the slenderness ratio is greater than about 10, then the column will fail in buckling. The geometry
of the needles is not always constant from chip to chip. However, the largest possible radius and
shortest possible length can be used to find the minimum possible slenderness ratio for the needles.
Given a maximum radius of 0.75 pum and a minimum length of 5 um, the resulting slenderness
ratio is 26.7. Therefore, the needles will fail in buckling when the critical load P, is applied.

The value (S,)p is used to determine P,,. It is found using
(Sr)p =7y | — (2.5)

where E is the modulus of elasticity and Sy, is the yield strength in compression. If (S,)p < S, the

following equation is used to find the theoretical P,

T2AE
2

P, — (2.6)
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The modulus of elasticity of single-crystal silicon is 130 GPa for the orientation of the needles,
and the average fracture strength is about 4 GPa [27]. This gives a value of (S,)p equal to 25.3,
which is less than the minimum slenderness ratio of 26.7. The maximum slenderness ratio is used
to find the minimum critical load. Using a minimum radius of 0.2 ym and a maximum length of
10 um gives a maximum slenderness ratio of 200 and a minimum critical load of 4.0 uN. The
force needed to penetrate a human epidermal melanocyte is less than 2 nN [28]. It can be assumed
that HeLa cells would require a penetration force of the same order of magnitude; therefore these

needles should easily penetrate HeL.a cells without buckling.

2.4 Conclusion

Five design requirements were specified in this chapter for the needle array to be used in the
multi-cell nanoinjection process. A fabrication process was presented that produces needles that
meet the design requirements. The etches used in the fabrication process were studied to better
understand how the etch parameters should be adjusted to create the desired needle geometry.
The sidewall taper of two methods of passivated DRIE were studied. The appropriate parameter
values were found to produce little or no taper. However, the Bosch method proved to produce
more even and consistent sidewalls and was chosen for the fabrication process. A study of the two
unpassivated etch steps showed that the process is more sensitive to final unpassivated etch step
than to the first. This means that the final etch can be adjusted for changes in the photoresist mask
size without needing to adjust the first unpassivated etch to maintain a sharp tip on the needle. The
fourth study showed that a better tip is produced using the described etch steps when the mask is
removed before the final etch. The buckling analysis showed that the needle dimensions specified

in the design requirements are feasible.
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CHAPTER 3. INJECTION SYSTEM DESIGN AND FABRICATION

The injection system design has specific design objectives and constraints, as listed here:

1. Allow controlled insertion of the needles into the cell monolayer by allowing vertical dis-

placement of the needle array and minimizing all other linear and rotational displacements.
2. Incorporate the needle array and a counterelectrode, with electrical connections to both.

3. Interface easily with the cell culture dish, which has a diameter of 34.80 mm and a depth of
17.4 mm.

4. Conform to fabrication constraints, such as minimum feature size, etc.

To meet the first design objective, the injection system is based around a suspension utiliz-
ing a compliant orthoplanar spring. The equations used in orthoplanar spring design are presented
in the first section of this chapter. Three orthoplanar spring suspension designs are discussed in the

following section, along with their implementation of the design objectives and constraints.

3.1 Orthoplanar Spring Design

The compliant orthoplanar spring consists of a movable platform attached to the base by
multiple legs [29,30] (see Figure 3.1). Each leg is made of two fixed-guided flexible segments in
series. This configuration allows large displacements of the platform without relative rotation of
the platform with respect to the base. The orthoplanar spring can be analyzed for large deflections
using the pseudo-rigid-body model (PRBM), which replaces flexible segments with rigid body

links, revolute joints, and torsional springs.
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Example of a three-legged Side-view schematic of a single
orthoplanar spring leg of an orthoplanar spring

PRBM of a single leg of an
orthoplanar spring

Figure 3.1: These line diagrams demonstrate the layout, motion, and modeling of an orthoplanar

spring.

For a given total deflection &, the force per leg Fj., and total required force F,, can calcu-

lated with the following equations

L _ 4KoEI®
leg = T2¢0s@®
Frot = sFjeg

® = arcsin ~—
arcsin a7

3.1
(3.2)

(3.3)

where Kg is the stiffness coefficient (usually Kg ~ 2.65), L is the length of each flexible segment,

E is the Young’s modulus, / is the area moment of inertia, ® is the angular displacement of the

PRBM, s is the number of legs, and 7 is the characteristic radius factor (usually y ~ 0.85).

The principal stresses 04 and op can also be calculated from the normal stress oy and the

shear stress Ty, where

o — KeEh(1 —7y(1 —cos®))0O

x Lcos®
T — K@CTE€h®
VT [2¢0s®
Oy ox\? | ,
GA,GB:?i (?) +15
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where £ is the out-of-plane thickness of the flexible segments, e is the offset from the center of one
flexible segment in a leg to the other, and Cr is a constant used for calculating the shear stress for
a given rectangular cross section.

For a ductile material, the safety factor SF is calculated from the equation

S
SF = (3.7
Oy — O
where Sy is the yield strength of the material.
The safety factor can also be calculated for a brittle material using
SurSuc
SF = —"— (3.8)

SchA - SutGB

where S, 1s the ultimate tensile strength and S, is the ultimate compressive strength.

3.2 Suspension Designs

Three suspension designs were developed for use with the needle array. The first incor-
porated the orthoplanar spring as part of the silicon chip. The second design used an external
orthoplanar spring made of ABS plastic to which the chip was taped. The third design used two
offset orthoplanar springs for added stability, and it included electrical connections and a counter-
electrode for use with the full nanoinjection process. This third design is the only one to fully meet

the design requirements.

3.2.1 Silicon Orthoplanar Suspension

The first suspension design included the orthoplanar spring as part of the silicon chip.
Silicon dioxide is used as the mask layer for the needles, and a thick photoresist is spun onto the
wafer after the oxide mask layer has been defined. The orthoplanar spring design is patterned
in the photoresist and is etched with a Bosch etch. A backside etch is used to thin the wafer to
the desired thickness. The needle fabrication can be continued as described previously. It is then
placed on a chip holder that allows the desired displacement. The orthoplanar spring designed

used the parameters used in Table 3.1 (see Figure 3.2). Since the beam dimensions are on the order
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(a) Orthoplanar spring line diagram (b) Silicon orthoplanar spring

Figure 3.2: A four-legged orthoplanar spring can be incorporated into the lance array chip to serve
as the suspension.

of millimeters, lower values used for the ultimate tensile and compressive strengths of polysilicon
were used in the analysis of the spring [29,31]. These parameters produced a safety factor of 2.47
for a displacement of 1 mm.

It was found that a single orthoplanar spring is effective at eliminating lateral deflections
and rotations about the vertical axis. However, it did not effectively restrain rotations about the
horizontal axis. Also, although this design combines the needle array and suspension, it fails to
incorporate electrical connections or a counterelectrode specified in the second design constraint.
The orthoplanar spring dimensions do allow it to fit within a 2 x 2 cm silicon chip, which fits
within the culture dish and meets the third constraint. The transparency mask has a minimum
feature size of about 15 um, which is well the below smallest feature in this orthoplanar spring
design. All fabrication constraints are thus met, which also fulfills the fourth design requirement.
An additional advantage of this design is that it is a very compact system. Two disadvantages
include the lack of displacement restraints to prevent the spring from being displaced beyond its

intended limits and the need to fabricate a new suspension with each chip.

3.2.2 ABS Plastic Single Suspension

A second suspension design was made of ABS plastic according the parameter values listed

in Table 3.2, resulting in a safety factor of 3.64. It uses a single three-legged orthoplanar spring,
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(a) Orthoplanar spring line diagram (b) Bottom view of suspension

(c) Side view of suspension

Figure 3.3: This reusable suspension made of ABS plastic uses a single three-legged orthoplanar
spring.

which again fails to restrain rotations about the horizontal axis (see Figure 3.3). The chip is at-
tached to the platform with double sided tape, meeting the first design constraint and allowing the
suspension to be reused. However, it does not incorporate an electrical system for attraction and
repulsion, so it does not meet the second requirement. The suspension is smaller than the culture
dish, according to constraint three. The smallest dimension of the suspension is equal to the min-
imum dimension size of 0.77 mm required by the three dimensional printing process used. An
additional advantage of the suspension is that it includes displacement restraints to help prevent

failure.
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Connection to
Needle Array Chip

Counterelectrode

(a) Orthoplanar spring line diagram (b) Bottom view of suspension

Needle Array Chip Connection to /
Needle Array Chip /

Connection to
Counterelectrode

Counterelectrode

(c) Bottom view of suspension with chip (d) Side view of suspension

Figure 3.4: This reusable suspension made of ABS plastic uses a second three-legged orthoplanar
spring that is offset vertically from the first and rotated 60° for added stability.

3.2.3 ABS Plastic Double Suspension

The third suspension design also uses ABS plastic, is reusable, and follows the same pa-
rameter values for the orthoplanar spring that are listed in Table 3.2. It also includes a second
orthoplanar spring that has been offset vertically and rotated 60° (see Figure 3.4). This proved
effective at restraining rotations about the horizontal axis and more fully met the first design objec-
tive. A hole in the platform allows an electrical connection to the chip. Another hole and recess in
the base allow a wire to surround the chip as a counter electrode. Stainless steel wire was selected
to prevent corrosion in the saline solutions used in the injection process. The chip is attached using

double-sided conductive carbon tape. In this way the second design requirement is fully met. The

21



base of the suspension exactly matches the 34.80 mm diameter of the culture dish and is taller than
the 17.4 mm depth. This not only fulfills the third design constraint, but it also further secures the
chip against lateral displacement. The minimum dimension of this suspension is also 0.77 mm to

meet the fabrication requirements, as specified by design constraint four.

3.3 Conclusion

This chapter specified the design objectives and constraints associated with the injection
system. It also described three injection systems, all of which use a compliant orthoplanar spring
as a suspension to allow controlled insertion of the needle array into the cell monolayer. The third
design included two offset orthoplanar springs that proved effective in restraining all unwanted
linear and rotational deflections. Only the third design incorporated a counterelectrode and elec-
trical connections. These were made using stainless steel wire to avoid corrosion. While all three
suspensions fit inside the cell culture dish, the third suspension fit the bottom of the dish exactly
to further minimize lateral displacements. It was also made to be taller than the dish was deep to
allow for easy removal without disturbing the cells. All three suspensions were designed to meet

fabrication requirements.
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Table 3.1: Design parameters for the silicon orthoplanar suspension.

Parameter Value

Displacement (5) 1 mm
Young’s modulus (E) 130 GPa
Flexible segment length (L) 14.6 mm

Number of legs (s) 4

Out-of-plane thickness (/) 0.25 mm
In-plane width (b) 0.30 mm
Flexible segment offset (e) 0.40 mm
Ultimate tensile strength (S,;) 0.93 GPa
Ultimate compressive strength (S,.) | 1.2 GPa

Cr 4.56

Safety factor (SF) 2.47

Table 3.2: Design parameters for the ABS plastic suspensions.

Parameter Value
Displacement (5) 1.5 mm
Young’s modulus (E) 2320 MPa
Flexible segment length (L) | 20.58 mm
Number of legs (s) 3
Out-of-plane thickness (h) | 0.77 mm
In-plane width (b) 0.80 mm
Flexible segment offset (¢) | 1.57 mm
Yield strength (Sy) 37 MPa
Cr 4.77
Safety factor (SF) 3.64
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CHAPTER 4. TESTING WITH HELA CELLS

Several tests were performed using the needle array nanoinjection system. The injection
protocol used is specified in the first section. The effect of injections on the needle array is de-
scribed in the second section. The following section reports the cell viability resulting from needle
insertion only, applied voltage only, and the complete injection process using needle insertion with
voltage. The final two sections describe dye uptake from injecting with and without voltage. Zero
voltage injections were performed with high concentrations of membrane impermeable dye in the
cell media, and the resulting diffusion of dye into the cells shows that the needles are penetrating
the cells. Multiple tests were performed using a smaller concentration of dye to compare dye up-
take from injections with and without voltage. Because of large variation in the results, these tests
do not conclusively show injections with voltage as being more effective. Glass cover slips were
placed in the culture dishes to provide more consistent injection conditions. Tests were performed

without voltage on glass and produce more consistent results.

4.1 Injection Protocol

This section describes the full protocol used for testing. The injection setup is shown
in Figure 4.1. Some steps were modified for specific tests and are described in the appropriate

sections.

4.1.1 HeLa 229 Cell Culturing

HeLa 229 cells are cultured in media consisting of Dulbeccos Modified Eagle Medium
(DMEM) with fetal bovine serum (FBS) and gentamycin (see Figure 4.2) [19]. The cells are
prepared for testing in six-well plates (9.5 cm? growing area per well). To ensure that the cells in
the testing wells are approximately within the 2 x 2 cm injection area, a wax boundary is drawn

in the center of each well. 0.15 or 0.2 mL of media with HeLa cells is placed within the wax
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Voltage source

+ J—
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Suspension

Silicon lance array

Culture dish and HeLa cells Counter electrode

cell media
(a) Schematic of the injection system

Voltage source

Suspension/Chip

(b) Photograph of the injection setup
Figure 4.1: The suspension and chip are placed in a culture dish with HeLa cells. Voltage is used

to attract and repel charged particles, such as a dye or DNA. Manual force is used to insert the
needle array into the layer of HeLa cells.

boundary. After one to two hours, the HeLa cells have adhered to the bottom of the culture dish. 2

mL of additional media is added to each well, flooding the bottom of the dish.

4.1.2 Injection

The media is removed from the six wells, and all wells are rinsed with Hanks Balanced

Saline Solution (HBSS) to remove dead cells. 1 mL of HBSS is added to each well. The desired
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Figure 4.2: This optical micrographs shows a monolayer of HeLa cells in a culture dish.

amount of propidium iodide, a membrane impermeable dye with two positive charges, is added to
the wells. A 2 x 2 cm lance array chip is attached to the suspension to allow displacements in the
vertical direction. The suspension and chip are lowered into a testing well. A negative voltage is
applied between the chip and the counterelectrode for a specified time to attract the dye. A force is
applied manually to the suspension for 3 to 5 seconds, pushing the lance array down into the cells,
during which time the voltage is made positive to release the dye from the needles. When released,
the spring force in the suspension lifts the lance array out of the layer of cells, and the suspension

and chip are removed from the well. This is repeated for the other testing wells.

4.1.3 Cell Harvest

After injections, 1 mL of 5x Trypsin is added to each well. The six-well plate is placed in
an incubator for 4 to 7 minutes, after which the cells have detached from the bottom of the wells.
I mL of media is then added to deactivate the Trypsin. The contents of each well are centrifuged
for 10 minutes at 2000 rpm. The supernatant is removed, and the pellet of cells is resuspended in

the remaining media.

4.2 Needle Array Robustness

Scanning electron micrographs (SEMs) were taken of the lance array chips before and after
injections (see Figure 4.3). They show that the vast majority of the lances remained unbroken. It

was common for several rows of lances to be broken along one edge of the chips; this was probably
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(a) Most needles unbroken  (b) Edge needles broken (c) Thin needles broken (d) Cell debris

Figure 4.3: (a) The vast majority of the lances remained unbroken. (b) It was common for several
rows of lances to be broken along one edge of the chips. (c) The thinner lances towards the edge
of the chip occasionally broke. (c) Some cell debris remained on the chips.

due to one side of the chip meeting the bottom of the well first. The lances toward the edge of the
chips were generally thinner than those toward the center, and these thinner lances (usually less
than 0.5 um) occasionally broke. Some cell debris remained on the chips, which may have been
from cells that had previously died and for that reason were not firmly attached to the bottom of
the well. Most cell debris can be avoided by rinsing the well before testing and by testing with

lower cell confluency.

4.3 Cell Viability

Cell viability was determined using one or more of three different viability stains: Trypan
blue, propidium iodide, and Sytox® green. Trypan blue allows the analysis of cell viability visually,
but it is toxic to cells over time, making the results less stable [32]. For this reason, the two
additional stains were used to verify viability results. When used, Trypan blue was added in a 1:1
ratio. A portion of this solution was placed on a slide, and the dead and living cells were counted
visually. Propidium iodide was added after cell harvest if being used only as a viability stain,
otherwise, it was added before injecting. Cells were assessed using flow cytometry. Sytox® green
was added after cell harvest. The cells were incubated for about 20 minutes at room temperature
before being assessed with flow cytometry.

Propidium iodide (0.5 mg/mL) was used both as the dye being injected and as a viability

stain. This dye has a double positive charge and a molecular weight of 668.4 g/mol. Cells express-
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ing moderate levels of propidium iodide were considered successfully injected. Cells expressing
high levels of propidium iodide were considered dead [33]. These expression levels were deter-
mined based on negative and positive control groups. The positive control group was created by
permeabilizing cells for 10 minutes in chilled acetone at below freezing temperatures [34]. In order
to verify the accuracy of this method of determining cell viability, Sytox® green was also used in

some tests. They produced very similar viability results (see Table 4.1).

4.3.1 Needle Insertion Only

These tests were performed using the given testing protocol but without using any voltage.
All three viability stains were used in different tests to verify accuracy. Control groups that were
not injected were also kept. All three methods reported very similar cell viability results of around

97%, as shown in Table 4.1.

4.3.2 Voltage Only

The testing protocol was modified to include the application of voltage without needle
insertion. 1, 2, 4, 5, and 10 volts were applied to the chip in separate wells. Propidium iodide was
used as the viability stain. The viability results are shown in Table 4.2. Voltage does not seem to

cause a significant decrease in cell viability.

Table 4.1: Viability results from testing without voltage used three viability stains.

Viability Tested Control
Stain Living Cells | Total Assessed | Viability | Living Cells | Total Assessed | Viability
Trypan blue 4288 4428 96.9% 6040 6115 98.8%
Propidium iodide 71489 72815 98.2% 43348 43475 99.7%
Sytox® green 32234 33270 96.9% 42216 42447 99.5%
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Figure 4.4: These results from flow cytometry show that the cells receive the dye through injection
without voltage when there is a high concentration of dye in the media.

4.3.3 Needle Insertion with Voltage

The viability resulting from the full testing protocol was measured using propidium iodide.
The high viability shows that using the nanoinjection process with the needle array has little effect

on cell death, even with voltages up to 30 V (see Table 4.3).

4.4 Injection without Voltage

Injections done without voltage in a high concentration of dye showed that the needles
pierce the cell membranes. Multiple dishes of HeL.a cells were prepared according to the protocol.
One control well received 100 L of propidium iodide and was not injected. Three additional wells
received 100, 200, and 300 uL of propidium iodide, respectively, and were injected. The cells were

analyzed using flow cytometry. The control well shows the background fluorescence due to 100

Table 4.2: Viability results from applying voltage without needle insertion using propidium

iodide.
Applied Voltage | Living Cells | Total Assessed | Viability
0 26240 26342 99.6%
-1 24635 24992 98.6%
2 22829 23487 97.2%
-3 16283 16970 96.0%
-4 8464 8548 99.0%
-5 8520 8561 99.5%
-10 6088 6141 99.1%
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UL of propidium iodide in the well. The plots in Figure 4.4 show the uptake of dye into the cells
due to the diffusion through the holes made in the cell membrane by the needles. Table 4.4 reports
the percentage of cells in each well that express fluorescence above a chosen value.The large gap
between the 100 uL control group and the 100 uL test group verify penetration of the cells by the
needles. It is also seen that the higher concentrations of dye result in higher expression, although
it should be noted that they may have higher levels of background fluorescence than shown by the

100 uL control.

4.5 Injection with Voltage

The full injection process was performed using 20 uL of propidium iodide per well, result-
ing in a dye concentration of 0.01 mg/mL. Testing was done using six-well culture plates. The dye
uptake percentages shown in Table 4.5 were divided into two groups: voltage injections and zero
voltage injections. These percentages were compared on a log scale using a t-test. The resulting
2-tailed p-value of 0.6844 showed that there was no significant difference between injecting with
and without voltage using the specified protocol.

However, the well in which each test was performed was tracked to report any correlation
between dye uptake and the well, as shown in Table 4.5. The dye uptake percentages of each well
were compared to the dye uptake of the other five wells on a log scale using a t-test. The 2-tailed p-
values are reported in the table. They show that there is a statistically significant trend concerning
well two and well four. Well two consistently yielded low dye uptake (below 5%), and well four
consistently yielded higher dye uptake (above 25%). This implies that some of the variation is due

to the bottom surface of the wells.

Table 4.3: Viability results from applying voltage with needle insertion using propidium iodide.

Applied Voltage | Living Cells | Total Assessed | Viability
-1 9280 9344 99.3%
-10 89131 90927 98.0%
-20 50863 51769 98.2%
-30 3524 3551 99.2%
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Glass cover slips were placed in the bottom of the wells before cell culture to provide
a more uniform injection surface. Four six-well plates were prepared in this way and injected
without voltage using three different chips. 20 uL of dye was again used. The dye uptake results
are shown in Table 4.6. These percentages were also analyzed for trends using the same method,
and no statistically significant trend was found. Therefore, placing glass cover slips in the wells
was significant in removing the trend associated with wells two and four. Future injections with
voltage should be performed using this protocol.

The standard deviations of the dye uptake percentages were calculated for each round of
testing. The standard deviations from the eight tests without glass were compared on a log scale
using a t-test to those from the three tests done with glass cover slips. The resulting 2-tail p-value
of 0.2019 does not conclusively show that testing on glass cover slips reduces variation in testing,

but it is suggestive of that fact.

4.6 Conclusion

Multiple tests were performed and reported in this chapter. The injection protocol used
was described. The tests show that the needle array used is sufficiently robust for the injection
process. All cell viability results were greater than or equal to 96.0%, and the total viability
from the complete injection process was 98.2%. Zero volt injections using large concentrations
of membrane impermeable dye resulted in the diffusion of dye into the cells. This proved that the
needles are penetrating the cells. However, tests comparing dye uptake from injecting with and
without voltage showed no significant difference between the two processes. Trends were found

relating to which well was used during the injection. Further tests done without voltage on glass

Table 4.4: Cell fluorescence results from injecting without voltage using three different
concentrations of dye.

Test Dye Concentration (mg/mL) | Fluorescing Cells | Total Assessed | Percentage
Control (100 uL) 0.05 557 9500 5.9%
100 uL. 0.05 5517 8184 67.4%
200 uL. 0.10 7394 8918 82.9%
300 uL. 0.15 6686 6827 97.9%
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cover slips placed in the culture wells removed those trends. Future tests with voltage should also

be done on glass cover slips.

Table 4.5: These cell fluorescence results are from injecting with and without voltage on the

original culture dish floor and are arranged by well number. 20 uL of dye was used,
resulting in a dye concentration of 0.01 mg/mL. The p-values that are marked

with an asterisk (x) report a significant difference between the uptake
of that well and the remaining five wells.

Dye Uptake (Voltage)
Test Well 1 Well 2 Well 3 Well 4 Well 5 Well 6
1 — — 13.8% (1 V) [31.4% (10V) | 102% (0OV) | 14.2% (1 V)
2 26.7% (OV) | 32% (0V) | 50.4% (10 V) | 40.9% (10 V) — —
3 — 46% (10V) | 95% (10V) | 25.1% (10 V) | 10.7% (10 V) | 14.4% (10 V)
4 — 48% (0V) | 104% (0V) | 31.1% (0 V) 7.3% (0 V) 15.0% (0 V)
5 14.8% (10 V) | 3.6% (10 V) — 29.1% (0OV) | 155% (10V) | 9.8% (10 V)
6 15.6% (10 V) — 23.1% (20 V) — 11.1% (30 V) —
7 9% (0V) — 10.1% (20 V) — 14.1% 20 V) | 15.8% (20 V)
8 44.9% (O V) — 39.4% (20 V) — 10.1% (20 V) | 9.6% (20 V)
Mean 22.2% 4.05% 22.4% 31.5% 11.3% 13.1%
2-tailed
p-value 0.0597 < .0001* 0.0667 < .0001* 0.1921 0.7730

Table 4.6: These cell fluorescence results are from injecting without voltage on glass cover slips
and are arranged by well number.

Needle Dye Uptake
Test | Diameter | Well 1 | Well 2 | Well 3 | Well 4 | Well 5 | Well 6
1 1.0 um — 9.1% | 12.0% | 12.6% | 13.2% | 17.2%
2 1.25um | 3.8% | 92% | 12.6% — 25% | 3.5%
3 1.4 um — 40.3% | 31.9% | 40.8% | 61.1% | 52.7%
— 48.4% | 50.0% | 61.5% | 41.9% | 43.7%
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CHAPTERS. CONCLUSION

5.1 Contributions

The following list summarizes the contributions made by the research presented in this

thesis.

* Developed a process to fabricate needle arrays that are able to penetrate cells without causing

significant cell death.
* Designed a system for performing injections.

* Created a protocol for the lance array injection system and performed testing using a dye.

While much work has been done to create fabrication methods for microneedles, most of
the needles produced are on the order of 100 um tall. These fabrication methods have been adapted
to the smaller scale required to inject individual somatic cells. The process is built around three
DRIE steps (unpassivated, passivated, and unpassivated again) to create needles with a constant
diameter shaft that terminate in a sharp point. Additional steps remove the passivation layer and
photoresist mask. This process has successfully produced millions of needles with an average
diameter of about 1 um, average height of 8 um, and 10 um center-to-center spacing.

The system for performing injections centers around a plastic suspension that uses two
orthoplanar springs to allow vertical displacements while minimizing all other linear and rotational
displacements. It includes one electrical connection to the area where the silicon needle array chip
is attached. There is another electrical connection to the stainless steel ring that surrounds the chip
and acts as the counterelectrode. These two electrical leads connect to a voltage source and allow
the nanoinjection process to be used.

The injection protocol describes the preparation of the cells, the actual injection procedure,
and cell harvesting for analysis. The needle arrays were examined after testing, and the vast ma-

jority of needles in the arrays proved to be undamaged. The injection protocol was followed with
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variations to report cell viability due to needle insertion, voltage, and a combination of the two.
The average cell viability for the full injection protocol was 98.2%. Zero volt cell injections with
a high concentration of dye verified that the needles penetrate the cells. Dye uptake under these
circumstances is the result of diffusion. Preliminary tests to inject dye using the complete protocol
resulted in high variability. Modifying the protocol to include glass cover slips on the bottom of

each well led to more uniform results within each test.

5.2 Future Work

Possible testing in the future includes injecting with voltage on the glass cover slips. The
results without voltage were more consistent with the glass cover slips to provide a more uniform
injection surface. Therefore, any difference between results from testing with and without voltage
would be more clear when testing on glass.

Mathematical modeling showed that using a conductive plate directly underneath the cells
was more effective than the ring electrode presented in this thesis. The glass cover slips could be
replaced by electrically conductive plates to act as the counterelectrode. The current suspension
would still work in this situation because the ring electrode would come in contact with the plate
electrode. One possible issue is how well the cells to adhere each material used. If the cells do
not adhere well, they might be pulled off the counterelectrode when the needle array is removed.
However, it may be possible to coat the counterelectrode with a material that would allow improved
cell adhesion.

DNA should be used to perform the injections in addition to the dye. DNA has already
been shown to work with the nanoinjection process using the single-cell nanoinjector described
in the introduction. This would remove one unknown variable from the system if performing
nanoinjection with the dye is not producing significant results. Also, the ability to insert DNA into
cells is of greater value than injecting a dye.

The geometry of the needles themselves may have an important impact on the injection
process. Studies may be done changing needle diameter or length. For example, a larger diameter
would result in a larger surface area to which particle could be attracted. However, the larger

cross-sectional area may have a negative impact on cell viability. Different mask shapes, such as
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triangles, could be used to increase the surface area while maintaining the same cross-sectional

area.
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APPENDIX A. EQUIPMENT SETTINGS FOR THE DRIE STEPS IN THE NEEDLE
FABRICATION

The deep reactive ion etching (DRIE) was performed using Surface Technology Systems
(STS) Multiplex ICP Etch equipment. The following tables show the settings used in the unpas-
sivated DRIE step (Table A.1), the passivated DRIE (Bosch) step (Table A.2), and the oxygen
plasma step (Table A.3).

Table A.1: The settings used in the unpassivated DRIE step using STS Multiplex ICP Etch
equipment.

Setting Value
Gas Flow 50 sccm SFg
Coil Power 700 W
Platen Power I5W
Pressure 15 mTorr

Table A.2: The settings used in the passivated DRIE (Bosch) step using STS Multiplex ICP Etch

equipment.
Setting Value
Etch Step 5.0 sec
Passivation Step 5.0 sec
First Step Passivation
Etch Gas Flow 130 sccm SF¢ + 13 sccm O,
Passivation Gas Flow 85 scem C4Fg

Coil Power 600 W
Platen Power I5W

39



Table A.3: The settings used in the oxygen plasma step using STS Multiplex ICP Etch equipment.

Setting Value
SFg Gas Flow | 50 sccm
Coil Power 700 W

Platen Power 15W
Pressure 15 mTorr
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