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ABSTRACT

[ABSTRACT PARTIALLY REDACTED]

Biolistic drug delivery offers an alternative path for delivering therapeutics into the

cornea. Until now, none of the commercially available gene guns are suitable for

clinical delivery of therapeutics due to tissue damage caused by high speed gas used

to accelerate microparticles. Here, we demonstrated the use of a device that both

eliminates the exit gas, only allowing high speed particles through, and one that

works in a clinical setting.

Microparticles ranging from 5 to 22 µm were accelerated and delivered into both

the agarose gels and ex vivo corneas. In gels, we found that normalized penetration

depth was proportional to particle diameter and density. As the standoff distance

between the device and the target increased, more particles were left stranded at the

surface, as their penetrating power decreased, and their dispersion from the center

of mass on the target increased. The orifice size served to control both the number

of particles and the amount of exit gas. Increasing the inlet pressure did not a show

significant increase in the penetration depth of microparticles.

In the cornea, we found that we were able to use our device to deliver particles into

both the epithelium and the stroma, although only higher density particles were able

to enter the stroma. There was little to no damage to the cornea due to particle de-

livery. If epithelial defects were detected in the cornea due to particle penetration,

they were quickly resolved within 30 minutes. Our device demonstrated perfor-

mance (penetration depth) comparable to previous biolistic delivery methods in the

cornea, while also maintaining clinical relevance by eliminating exit gas flow.
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C h a p t e r 1

INTRODUCTION

1.1 Microparticles as a method of drug delivery

Drugs improve health and extend lives. Their efficacy can often be increased and

their side effects reduced by controlling the concentration of drug as a function of

time and place in the body. For instance, the side effects of a specific therapeutic

agent vary significantly with the method of administration, as this alters its path

through the body and the inadvertent dose delivered to non-targeted tissues. Drug

delivery systems are used to achieve controlled release transients and/or targeted

delivery locations of therapeutic agents. Controlled release is used to maintain a

therapeutic concentration of the drug over a sustained period of time. To mitigate

side effects associated with systemic administration, drug delivery systems are often

designed to intervene at the specific part of the body that is at risk or affected by a

disease.

Among the four themes of current research in drug delivery—routes of delivery,

delivery vehicles, cargo, and targeting strategies—the present thesis focuses on a

particular route of delivery that allows us to quickly deliver a precise dose of drug

to a precise location using high-speed particles. In contrast to various means of

systemic administration (oral, inhalation, intravenous), high-speed particles provide

direct, localized tissue-specific delivery. In contrast to transdermal delivery (or

related oral patches), high-speed particles can provide precise control of the dose of

drug that penetrates to a precise depth at a specific time. In contrast to subcutaneous

injection, high-speed microparticles can be delivered with minimal pain or risk of

infection.
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Alternatives to injections

Intramuscular and subcutaneous (insulin) injection using a syringe and needle pro-

vide delivery of a precise dose at a specified location at a specific time. Despite

the prevalence of this practice, there are several limitations to injections including

bleeding, pain, risk of cross-infection, improper use/reuse of needles and syringes,

low compliance, and needle phobia.1,2,3 As a result, extensive research has been

done on developing alternative routes to administer drugs and vaccines. They can

be classified into four distinct categories: liquid-jet injections, powder needleless

injections, topical applications, and mucosal application, which can then be further

separated according to the routes the drug travels, including ocular, nasal, oral, pul-

monary, vaginal, and rectal (Figure 1.1).4 We will focus on the use of accelerated

drug particles to penetrate the desired part of the body.

Figure 1.1: Various routes to administer drugs to the human body are shown: liquid-
jet injection, epidermal powder immunization and topical application (cutaneous
immunization by sprays, drops, aerosols, patches, capsules and creams), and mu-
cosal administration (further classified into ocular nasal, oral, pulmonary, and vagi-
nal or rectal). Reprinted with permission from Mitragotri.4
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Historical perspective

Throughout history, humans have been fascinated by the use of airborne projectiles.

Paleontologists believe that the earliest projectiles were used to hunt for food. Over

the last several decades, the focus has shifted to micro-sized projectiles that have

the ability to deliver therapeutic agents into the human body for curing diseases.

Ballistics (Greek: “to throw”) is the study of the mechanics involved in the launch-

ing, flight, behavior, and effects of projectiles. The earliest evidence of projectiles

were stone-tipped arrows discovered in South Africa that are approximately 64,000

years old.5,6 Over the course of time, other projectiles were developed, primarily

as ranged weapons. For example, these include the invention of archery (10,000

B.C.) and firearms (1,000 A.D.).7,8 Ballistics theory has been traced back to Italian

mathematician Niccolo Tartaglia in the 16th century.9 Later, in the Middle Ages,

studies of ballistic projectiles in biological tissues began as a way to model injuries.

A remarkable development over the past four decades is the use of projectiles for

benign purposes, delivering genes or vaccines to living cells and tissues.

1.2 Biolistics

In 1983, Cornell researcher John Sanford modified an air pistol to serve as a “gene

gun,” delivering DNA on the surface of dense tungsten particles (ca. 19.3 g/cm3), a

mere 400 nm or 800 nm in diameter.10,11,12 Sanford loaded the carrier particles onto

a plastic disc that was mounted at the end of the barrel of the air pistol such that

the burst of Helium gas propelled the disc into a mesh “stopping screen” causing

the disc to abruptly stop and launch the carrier particles toward the tissue of interest

(Figure 1.2). These particles were coated with a marker gene targeted for the cells

of onions and the genetic transformation was confirmed when the onion tissue ex-

pressed the gene (with greater rate of transfection for 400 nm than 800 nm diameter
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carrier particles). Further development by Bio-Rad led to the two current variants

of the gene gun: the PDS-1000/He System and the Helios Gene Gun (Table 1.1).13

Figure 1.2: Schematic for the Bio-Rad PDS-1000 gene gun. Reproduced from the
BioRad PDS-1000 instruction manual.14

Figure 1.3: Schematic for the Bio-Rad Helios gene gun. Standoff distance shown
is 2.8 cm. Reprinted with permission from O’Brien.15

Powder-based needleless injection

A novel drug delivery technique named powder needleless injection (PNI) uses a

high-speed gas flow to accelerate particles to sufficiently high velocities to breach

the surface of target tissues and penetrate to a certain depth in order to achieve a

therapeutic response within the tissue.16,17 The basic design of any powder-based

needleless injection uses compressed gas as a carrier fluid, a compartment where the
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Table 1.1: Comparison between commercial gene guns

PDS-1000 Helios Gene Gun

System In vitro and ex vivo In situ

Operating Environment Evacuated Chamber (vac-
uum)

Exposed system

Target Size Large area (50 cm2) Small Area (2 cm2)

Inlet Pressure 450–2200 psi 100–600 psi

Targets Cell culture, embryos,
algae, fungi

Animals, skin, organs,
plants, leaves

Agents Delivered 450–2200 psi 100–600 psi

Particle Size 0.5–1.0 µm 0.5–3 µm gold particles

Penetration Depth One layer of cells Maximum 50 µm depth

powdered drug formulation is loaded and a nozzle to direct the particle flow towards

the target. There are several different well researched devices that achieve the above

criteria, and they are listed below (Table 1.2).18 Key parameters in determining

particle delivery into tissue are impact velocity, particle radius and particle density.

Research has shown that smaller (0.5 to 3.7 µm), high density (> 10 g/cm3) particles

embed intracellularly.19 Larger particles (25 to 100 µm) with lower densities (< 10

g/cm3) tend to travel extracellularly. The most commonly studied particles for PNI

are made of gold due to its high density, low toxicity and low chemical reactivity.

Because PNI chooses small nano- or micro-sized particles, the microscopic holes

caused from the delivery process are small enough to limit undesired effects such as

pain, irritation and infection. Many drugs such as insulin need to be injected rather

than orally administered due to their instability and the required bioavailability.

PNI, as its name states, requires the drug to be in powdered form. Typically, to

be suitable for use in PNI, a drug powder has high strength, hardness, and density

because the powder is delivered through physical impact. As a result, polymeric-

based and other low-density drugs (around 1 g/cm3) have been avoided in previous
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research. Only Kendall20 and Li3 have done studies of delivery of such low-density

particles and only into skin.

Table 1.2: Types of gene guns in literature

Type of gene gun Materials of
Particles

Diameter of
Particles (µm)

References

Powder particle gun (PGG) Tungsten 4 Klein (1987)11

Helium-driven apparatus (HDA) Tungsten 3.9 Williams (1991)21

Gold 1.3, 3–5
Conical nozzle (CN) Tungsten 4.7, 15.5, 26.1 Quinlan (2001)22

Converging-diverging nozzle (CDN) Polystyrene 4.7 Kendall (2004)20

Pneumatic capillary gun (PCG) Gold 0.47, 1.1, 1.27 Rinberg (2005)23

Silicon 2–18 Zilony (2013)24

Gold 1.6
Light gas gun (LGG) Stainless steel 25 Mitchell (2003)19

Polystyrene 15.5, 25.2, 48, 99
Gold 3.03 Troung (2006)25

Contoured shock tube (CST) Polystyrene 15, 48 Mitchell (2003)19

Glass 46
Gold 2.7, 3.5
Polystyrene 39 Liu (2006)26

Helios gene gun Gold 0.6, 1.0, 1.6 Uchida (2009)27

1 O’Brien (2011)28

Biolistic PDS-1000 He system Gold 0.6, 1.0, 1.6 Kuriakose (2012)29

BioWare low pressure gene gun Gold 1 Yen (2013)30

High speed gas impingement

While use of PNI provides advantages such as being needle-free and the particles

themselves are relatively pain-free, clinical trials on the skin have reported irrita-

tion and injury. These are primarily believed to be caused by the high speed gas

that impinges on the skin for most PNI device designs. However, the overall effects

due to exit gas pressure, outlet gas velocity, and the distance between the device

and the target have yet to be fully studied.31 In relation to this research, the fo-

cus on transient particles with high drug loading relatively low-density particles

(ca. 1 g/cm3), the particles will have relatively low inertia and will decelerate rela-

tively quickly after moving from high velocity air to low velocity air near the tissue.

Therefore, biolistic delivery of therapeutics motivates research on the interplay of



7

inlet gas pressure, outlet gas velocity and distance between the device and the tis-

sue. Uchida demonstrated that while DNA transfection was effective using a gene

gun, cell damage occurred when the operating pressure of the device exceeded 200

psi (1482 kPa).27 Xia also asserted that an inlet pressure of 200 psi (1482 kPa)32

is the upper limit, coinciding with onset of tissue damage by a PNI application.

Damage to the cells and tissue can be reduced by decreasing the particle size and/or

decreasing the operating pressure of the devices. However, both of these choices

decrease the penetration depth of the particles into the tissue. This remains a major

drawback to PNI as a method of drug delivery.

1.3 Pneumatic capillary gun without gas impingement

A novel pneumatic gun for ballistic delivery of microparticles to tissue diverts gas

flow to minimize damage to soft tissues (Figure 1.4).23 Like other devices, it accel-

erates particles using a high-speed flow of gas in a capillary tube. The key difference

lies near the outlet, where vacuum suction is applied through a concentric, larger

diameter tube. This design diverts the flow of gas away from the outlet, thereby

eliminating the damaging effects of the outlet gas on the tissue. The inertia of the

particles carries them forward through an orifice where they travel through stagnant

air between the outlet of the device and the tissue of interest. Vacuum is adjusted to

null the velocity of air at the exit orifice (for example, a gauge pressure of –86 kPa

was used with a gas inlet pressure of 120 kPa to deliver gold particles ranging from

0.47 to 1.27 m). A clinically relevant example that would benefit from the ability to

deliver particles without high speed gas is the treatment of keratoconus, a disease

of the eye that results in progressive thinning of the cornea.

1.4 Corneal anatomy and implications with biolistics

To understand keratoconus and its treatment, some background on the structure of

the cornea is required (Figure 1.5). The importance of stable cornea shape is un-
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Figure 1.4: A schematic of the pneumatic capillary gun. The device shows a) the
design and operation of the capillary gun, b) the micro-machined concentric “gear”
and end cap, and c) the connection of the gun to pressurized helium and vacuum
system. Reprinted with permission from Rinberg.23

derscored by the fact that it provides two-thirds of the focusing power of the human

eye. Stable shape requires that the cornea be sufficiently strong that it does not

undergo deformation due to the elevated intraocular pressure that maintains the rel-

atively round shape of the eye. Of the five main layers of the cornea–epithelium,

Bowman’s membrane, stroma, Descemet’s membrane, and endothelium—the stroma

makes up about 90% of the cornea’s thickness and gives the tissue its strength.

The cornea is protected from pathogens and contaminants by the corneal epithe-

lium, a highly organized multilayer of cells that is about 50 microns thick and covers

the anterior surface of the cornea. Bowman’s membrane, located at the boundary

between the epithelium and the corneal stroma, is an acellular layer that is about

8–12 microns thick in adult human corneas. The posterior surface of the cornea

is covered by a single layer of cells, the corneal endothelium, that is responsible

for pumping water out of the cornea to regulate its state of hydration and control

transport of solutes and nutrients between the cornea and the aqueous humor. The

thin, acellular layer that supports the endothelium and separates it from the stroma,
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Figure 1.5: The anatomy of the eye. Reproduced from the National Eye Institute,
National Institutes of Health.

Descemet’s membrane, is typically 8–10 microns in adult human corneas. One of

the inspirations for this doctoral research is to deliver drugs to the corneal stroma

without disrupting the epithelium or endothelium which is essential for the healthy

homeostasis of the cornea as a whole.

Figure 1.6: The structure of the corneal stroma. L = Lamellae, K = Keratocyte, G
= Glycosoaminoglycans. Adapted from Oyster33 and Komai and Ushiki.34
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The stroma has a hierarchical organization from the nanometer scale of its con-

stituent proteins to its overall thickness of hundreds of microns (Figure 1.6). The

stroma’s transparency results from the highly ordered arrangement of its collagen

fibers and the uniformity in their diameters, ranging between 15 to 25 nm. The col-

lagen fibers are organized into about 200 lamellae (labeled L in Figure 1.6). Each

lamella has an anisotropic shape. In the plane of the cornea, lamellae are typically

millimeters long and 10–100 µm wide; they are typically 2–3 microns thick. Within

a given lamella, collagen fibers are uniformly oriented parallel to the long axis of

the lamella. The lamellae are arranged into a superstructure of approximately or-

thogonal alternating layers that provide balanced strength in the plane of the tissue.

There are very few cells in the stroma. One type of these cells are keratocytes,

which are sparsely distributed and regulate their intracellular protein concentration

to provide a refractive index match to the surrounding lamellae. In a healthy home-

ostasis the keratocytes are relatively quiescent, performing gradual turnover and

replacement of the constituents of the stroma. The proper composition, orientation,

uniformity and superstructure of the stroma are essential to maintaining the clarity

and shape of the cornea.

During the course of this research, we discovered that delivering particles to the

epithelium offers complementary advantages relative to the delivery to the stroma.

Thus, the layered structure of the anterior cornea — epithelium, basement mem-

brane, and stroma — has profound implications for biolisitc delivery of therapeutics

to treat ocular diseases.

1.5 Keratoconus and its treatment

Keratoconus is a corneal disease characterized by the thinning, protrusion, and scar-

ring of the cornea. The cornea steepens as it thins paracentrally, resulting in the

characteristic protrusion of the cornea leading initially to an increase in the focusing
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power (i.e., myopia or nearsightedness) and later to severe higher order aberrations

and visual impairment that cannot be corrected by spectacles or even with special

hard contact lenses used to deform the cornea into the correct shape. Ultimately,

when the refractive correction loses its efficacy, keratoplasty (corneal transplant),

is required. Approximately 20% of all keratoconus patients eventually require a

corneal transplant, which translates to about 1 in 10,000 Americans for a total of

30,000 corneal transplants per year for keratoconus alone. The need for a treatment

that halts the progression of keratoconus at a stage that is still amenable to refractive

correction motivated the development of corneal crosslinking therapies.

Wollensak and Spoerl pioneered a way to increase the strength of the cornea by us-

ing ultraviolet light to activate riboflavin to create protein-protein cross-links within

the stroma.35,36 By using light activated crosslinking, the treatment provides spatial

and temporal control over the application of the crosslinks. The treatment involves

the removal of the central 7 mm diameter of the corneal epithelium and then ap-

plying drops of a 0.1% riboflavin solution every 5 minutes for 30 minutes prior

to ultraviolet (UV) exposure and every 5 minutes during a 30-minute period while

the cornea is exposed to UV-A light. In typical cases, the epithelium regenerates

within 7–10 days. The key differences from the previously listed treatments is that

riboflavin/UVA crosslinking can actually halt the progression of keratoconus as op-

posed to merely correcting refractive errors caused by the disease. However, there

are several drawbacks to this treatment. The first is the requirement to remove the

corneal epithelium. Because the epithelium’s function is to protect the eye and pre-

vent toxins and pathogens from entering the tissue, it also blocks the delivery of

riboflavin molecules into the stroma. As a result, the epithelium is typically re-

moved to ensure delivery of a proper dosage of drug. In addition, the epithelium

is home to 325,000 nerve endings, which when removed, risks other problems in-

cluding losing sensation in detecting foreign particles on the surface of the eye and
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triggering the blink reflex. Secondly, the UV light in combination with riboflavin

has toxic effects on the keratocytes present within the corneal stroma. (Even if the

epithelium is left intact early the procedure, it is killed during the UV irradiation.)

Removal of the epithelium and death of keratocytes elicit an inflammatory response

that causes the cornea to swell and become hazy. In most patients, the cornea recov-

ers within 6 months; however, many patients have permanent haze in their cornea

after the procedure.

To address the toxicity of the riboflavin/UVA crosslinking treatment, Joyce Huynh37

and Matthew Mattson38 in the Kornfield lab developed a treatment to mechanically

strengthen the cornea using visible light activation of Eosin Y (EY). They demon-

strated that the Eosin Y/visible light treatment produced similar crosslinking effects

to riboflavin/UVA, and dramatically reduced the toxicity to the keratocytes in the

corneal stroma. The treatment itself would not be toxic to the epithelium, offer-

ing the potential to maintain the protective function of the epithelium and avoid

disrupting the nerves of the epithelium.

Unfortunately, it took several hours for an adequate amount of EY to penetrate

the corneal epithelium. Early in my thesis work, I explored diverse adjuvants in

an effort to reduce the time required to deliver EY to the cornea. Although ad-

juvants demonstrated potential in enhancing drug delivery across the corneal ep-

ithelium, their effectiveness seemed to hinge on destroying epithelial cells. This

approach, however, entails the typical drawback of necessitating several days for

the epithelium to successfully regrow and heal. Thus, despite these efforts, the

Eosin Y/visible light treatment would still involve the removal of the epithelium.

The risks involved with a corneal debridement include pain, risk of infection, de-

creased vision, and corneal hazing. Moreover, anomalous swelling has been doc-

umented in the stroma following epithelial debridement. When Bowman’s mem-
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brane is disturbed, scattering centers could form in the stroma, with increased light

scattering, matrix disorder, collagen diameter, along with the appearance of larger

than normal proteoglycans.39

1.6 Application of therapeutic particle delivery to treat keratoconus

Our group has previously examined the opportunity to use therapeutic particle de-

livery to introduce Eosin Y into the cornea without debridement. However, prior

results from the pneumatic capillary gun23 designed by Professor Alex Groisman

from UCSD showed the inability to deliver low-density particles (∼ 1 g/cm3) into

the corneal stroma for use in keratoconus treatment.40 This research focuses on al-

tering the Groisman design of the pneumatic capillary gun to better accelerate and

deliver therapeutic particles without exit gas damage into the stroma. Furthermore,

the cornea provides the perfect tissue to study this new technology because it is

transparent, unlike many other tissues within the human body. Transparent tissues

allow for the visualization of the drug particles that enter the tissue, as well as the

biological responses. Some effects that will be monitored include scar formation,

epithelium closure, drug uptake, cell migration and damage, and inflammatory re-

sponses within an ex vivo model. In turn, if proven effective, therapeutic drug

delivery can then be applied to opaque tissues, such as the skin and liver.

1.7 Outline of the thesis

Following the work of our group, Laccetti (Caltech ChE PhD 2020)40 has shown

promising results in delivering high density particles ( > 1 g/cm3) using the BioRad

PDS-1000 Helium System into corneal tissue. However, inherent weaknesses of the

BioRad PDS-1000 device exist — that is, it is not clinically able to deliver drugs

into patients. The objective therefore is, as described in Chapter 2, to design a de-

vice building upon Groisman’s pneumatic capillary gun (with no exit gas velocity)

that allows us to deliver drug particles into the corneal stroma. The particles this
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device can deliver are not only low density, clinically relevant drug particles, such

as Eosin Y, but also higher density, deeper penetrating particles such as those previ-

ously examined by our group. For our work to be clinically relevant, we require the

particles to be delivered into the stroma with minimal tissue damage. In Chapter 3,

we examine the short-term physical effects of particle delivery, including whether

the corneal surface maintains its visual acuity and the epithelial barrier function

recovers quickly. In ??, the microparticles delivered into the cornea are tracked to

quantify whether they are clinically significant, spatially controlled, and stable over

a period of time.
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C h a p t e r 2

PHYSICS OF BALLISTIC PARTICLE DELIVERY

2.1 Introduction

The cornea presents special requirements and offers unique opportunities for drug

delivery. As an avascular tissue, the cornea cannot be addressed by recent advances

in drug delivery through the gastrointestinal, pulmonary, or vascular system. The

exposed anterior surface of the cornea provides a route to deliver drugs, usually

using drops or gels. In contrast to other alternatives (Table 2.1, biolistic delivery

could be developed to meet the following requirements relevant for drug delivery

to the cornea:

1. Vehicle delivery must occur within clinical time constraints (this chapter),

2. Delivery process must allow for rapid recovery of epithelial barrier function

(Chapter 3),

3. Drug dose must be quantitatively controlled and clinically significant

(??).

The opportunities include improved treatment of corneal diseases and sustained re-

lease of drugs placed in the corneal stroma for treatment of prolonged or chronic

ocular conditions. However, as explained in Chapter 1, significant progress is re-

quired beyond inertial delivery of therapeutic agents into the skin.

Prior literature on particle delivery to the cornea is scant, consisting of a few articles

and a book chapter.1,2 Only three particle sizes (0.6, 1, 1.6 µm diameter) of a single

composition (gold) were examined that all similarly resulted in a penetration depth

of approximately 50 µm in the epithelium of mice or rats.
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Little information is provided regarding the effects of particle delivery on the corneal

surface or epithelial integrity. Our interest in drug delivery motivates research on

particles of larger size than the 1.6 µm diameter and lower density than 19.3 g/cm3

reported previously. For example, corneal crosslinking therapy requires a dose of

drug that would require ∼ 2×105 particles of 2 µm diameter per square millimeter

of cornea — if composed of pure drug ([REDACTED]). The low density of drugs

relative to gold would decrease the ability of the particles to penetrate into the tis-

sue. An initial study of corneal biolistic delivery as a function of particle size and

density by Laccetti and Kornfield guides us to focus on particles of diameters rang-

ing from 5 to 30 µm and density from 1.2 to 19.3 g/cm3, as discussed in greater

detail below. We were unable to find any other studies on the use of biolistics to

deliver microparticles greater than 5 µm diameter into the cornea or other ocular

tissues.

This work is motivated by corneal ectasias (e.g., keratoconus) that cause visual im-

pairment in 1 out of every 2000 Americans due to progressive, irregular changes in

the shape of the cornea that are difficult or impossible to correct using spectacles

or contact lenses. The current standard of care for corneal ectasias is therapeutic

corneal cross-linking, a surgical intervention. In the US, the approved procedure re-

quires epithelial scraping, riboflavin drops, and prolonged exposure to UVA. Strip-

ping the epithelium is associated with severe pain, stromal haze, and infections. As

described in the preceding chapter, Matthew Mattson (Caltech APh PhD 2008) and

Joyce Huynh (Caltech ChE PhD 2011) in the Kornfield group showed that Eosin

Y can be used to strengthen the cornea using green light with very low toxicity, in

contrast to the toxicity caused by the current clinical practice of using riboflavin

with UV light. Ex vivo experiments on enucleated rabbit eyes showed that if the

epithelium were not compromised during EY delivery, the epithelium would re-

tain its barrier function after irradiation with green light. This opens the possibility
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of a non-surgical procedure — if a quantitatively controlled dose of drug can be

delivered through the corneal epithelium in a clinically acceptable time.

Prior studies have been done to avoid the debridement step, such as employing in-

jections, implementing pre-procedure eye drop regimens, having medical staff ad-

minister eye drops, and incorporating adjuvants into the drug-containing eye drops,

but no approach has achieved US FDA clinical approval. Our own prior research

examined many adjuvants (e.g., EDTA, VEGF, EGF, and combinations of these)

with the goal of achieving rapid (ca. 5 min) delivery of an adequate, consistent

dose of drugs through the intact corneal epithelium, but the observed increase in

drug delivery proved to be marginal (approx. 20%), consistent with prior literature.

Thus, there is an unmet need for fast (< 5 min), quantitative (specific dose), safe

(preserving the epithelium) delivery of drug to the cornea to treat anterior segment

diseases.

Significant progress in the design of ballistic delivery devices has been achieved

since the introduction of “gene guns” in the 1980s to deliver DNA on metallic

nanoparticles to cells at or very near the surface of biological specimens.5 The most

widely used apparatus, the Bio-Rad PDS-1000 (Figure 1.2), requires the biological

specimen to be placed in a vacuum chamber at –15 psi (–100 kPa or –1 atm). DNA-

coated nanoparticles are loaded onto a rupture disc rated to the desired rupture

pressure; helium pressure is increased until the disc ruptures (450–2200 psi, 3.1–

15.2 MPa) and propels the gene carriers into cells—usually plant cells. Due to the

necessity of a vacuum enclosure, the PDS-1000 is not suitable for animal studies or

clinical applications.

A handheld adaptation was subsequently developed for use at ambient pressure

(Figure 1.3).6 DNA-coated submicron metal particles are loaded on the inner sur-

face of a cartridge; high pressure helium (100–600 psi, 0.7–4.1 MPa) is used as the
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Table 2.1: Evaluation of alternative corneal drug delivery mechanisms

Debridement Adjuvants Biolistics Groisman device This thesis

Drug
delivery
mechanism

Surgical removal
of the corneal
epithelium allows
drug to diffuse
into the corneal
stroma.

Adjuvants en-
hance the efficacy
of topical drops
by temporarily
increasing the
permeability of
the corneal ep-
ithelium.

Delivers genes
intracellularly
using metal car-
rier nanoparticles
(tungsten, gold)
that are not read-
ily absorbed by
the body.

Literature prece-
dent for delivery
of particles
having density
similar to 100%
drug particle
(∼ 1 g/cm3).

Particles with
varying densities
delivered into
cornea without
exit gas damage.

Relevant
timescale

The patient’s eye
is retracted (lid
held open) for 5
minutes.

Hours are needed
(even with adju-
vants) to deliver a
sufficient dose.

A single or multiple delivery of ballistic particles can
be accomplished within seconds, followed by dis-
solution and diffusion over a few to several minutes
while the patient rests with eyes closed.

Intact
epithelium

The gel is placed
on top of the
cornea for dif-
fusion into the
stroma.

Adjuvants are
able to allow
drugs to pass
through without
permanently
modifying the
epithelium.

Tissue damage
from high exit
gas velocity.3,4

Diverts exit
gas so velocity
that tissue is
undamaged.

Divert exit gas,
Preliminary
results suggest
elasticity rapidly
restores epithelial
continuity.

Quantity of
drug

Sufficient drug∗

is transferred
from gel placed
on the debrided
cornea in a time
as short as 5
minutes.

Adjuvants only
increase the
transport rate
through intact
epithelium by
20%; relevant
drug dose*
requires hours
(above).

Approximately
1015 drug parti-
cles of 1 nm per
mm2 are needed
for a clinically
relevant dose.*

Approximately 60 drug particles
of about diameter 30 µm per mm2

of cornea can deliver a clinically
relevant dose.*

∗Calculations based on the amount of photosensitizer Eosin Y required for corneal crosslinking

carrier gas to entrain and accelerate the particles (Figure 1.2). However, eliminating

the vacuum chamber does not enable the use of the Bio-Rad device on mammalian

cells or animals because the gas that carries the nanoparticles also injuring mam-

malian cells and animal tissues3,7.

More than twenty years passed before a method was found to deliver particles to

soft-tissue without injury due to impingement of high velocity gas — a device in-

vented by Prof. Alex Groisman at UCSD that redirects the high-speed carrier gas

away from the outlet of the ballistic particle delivery device (Figure 1.4).8,9 In the

present study, a two-stage gas diversion unit (GDU) that, diverts most of the gas us-

ing a disc with a small orifice (“first orifice disc,” OrD-1) approximately 600–900

µm from the end of the inner capillary tube (ICT), to redirect carrier gas radially out-
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Figure 2.1: Detailed schematic of an improved particle delivery device.

ward through large vent holes in the outer tube (OT) (Figure 2.1), allowing most of

the particles to pass through the orifice due to their inertia and an imposed vacuum

on the opposite side of OrD-1. The second stage of gas diversion occurs between

OrD-1 and OrD-3 by application of vacuum, which brings the carrier gas pressure

down to ambient, such that negligible gas leaves the device through the orifice in

OrD-3. Of particular importance to the present research, Groisman was able to de-

liver particles of the same density as the target tissue, indicating it is feasible to

deliver particles that consist almost entirely of drug and bioresorbable components

that dissolve completely — a key requirement for drug delivery to the cornea.10

The remainder of this chapter examines the physics of delivering particles having

density close to that of neat drug and comparison with higher densities: the analysis

culminates with the physics of penetration of particles in gel (Regime 3, Figure 2.2),

which dictates the required impact velocity, up,i, and, allows for deceleration as the

particle moves through stagnant air (Regime 2, Figure 2.2), which dictates the ve-

locity the particles must have when exiting the device, up,e. The analysis begins
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Figure 2.2: Analysis of particle velocity is divided into three regimes: 1. The
acceleration of the gas as it moves through the device undergoing approximately
adiabatic expansion and the acceleration of drug particles introduced into the gas
flow; 2. the particles leave the device and decelerate due to drag forces acting on
them by the surrounding stagnant air; and 3. drug particles penetrate the tissue and
eventually come to rest.
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with the acceleration of the particles in the device (Regime 1, Figure 2.2), which

suggest device improvements that I investigate in this thesis. In the course of the

analysis, I highlight areas in which literature knowledge is lacking, motivating sub-

sequent chapters of this thesis.

2.2 Acceleration of the gas (Regime 1)

To determine the particle velocity, we first estimate the gas velocity, ug, as a func-

tion of axial position in the inner tube. We approximate the flow as steady, one-

dimensional and adiabatic (there is no perceptible heat exchange with the environ-

ment) and approximate the gas as ideal, solving for the gas velocity, pressure, and

temperature as a function of axial position following Saad and Levenspiel.11

Using the ideal gas law, mass balance, momentum balance, energy balance, defi-

nition of Mach number (M = ug/c, where ug is the gas velocity and c is the speed

of sound in the gas) and the second law of thermodynamics leads to the following

implicit function for the gas Mach number at axial position z, denoted M2, as a

function of the inlet Mach number, M1, the hydraulic diameter of the duct, DH , the

heat capacity ratio γ = Cp/Cv, and the friction factor, f̄ , averaged over the length of

the tube L.

4 f̄ z
DH

=
1
γ

(
1

M2
1
− 1

M2
2

)
+

γ +1
2γ

ln

(
M2

1
M2

2
·

1+ γ−1
2 M2

2

1+ γ−1
2 M2

1

)
(2.1)

The heat capacity ratio used is appropriate for monatomic gases (here, helium),

γ = 1.67. We do not intend to exceed Mach 1, so we first use Equation 2.1 to

obtain an expression for L∗, the axial distance at which the gas would reach Mach

1 (Equation 2.2), by replacing M2 by 1 and introducing a specific value of M1:
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4 f̄ L∗

DH
=

1−M2
1

γM2
1

+
γ +1

2γ
ln

 (γ +1)M2
1

2
(

1+ γ−1
2 M2

1

)
 . (2.2)

In a scenario where we have two inlet Mach numbers, M1 and M2, we can determine

the L∗ for each inlet Mach number — (L∗)M1 corresponding to Mach M1 and (L∗)M2

corresponding to Mach M2. The difference between the two values, (L∗)M1 and

(L∗)M2 , represents the length of duct that is between the gas where their Mach

numbers are M1 and M2.

L1−2 = La = (L∗)M1 − (L∗)M2 (2.3)

This relationship generalizes to describe the increase in the gas velocity from the

inlet, M1, to any arbitrary position between the inlet and exit (L < L∗) for constant

f̄ and DH . If we replace M1 in the right hand side of Equation 2.2 by M2, where

1 > M2 > M1, we can evaluate the corresponding distance upstream of the point at

which the flow would reach Mach 1 if the inlet velocity were M2, (L∗)M2 and use

the difference between L∗ and (L∗)M2 to evaluate the axial position at which gas

velocity reaches M2

4 f̄ La

DH
=

(
4 f̄ L∗

DH

)
M1

−
(

4 f̄ L∗

DH

)
M2

. (2.4)

The acceleration of the gas given its position along the tube is shown in Figure 2.3a.

Similarly, the pressure at which the flow would reach Mach 1, p∗, can be calculated

for a specific inlet pressure p1, using

p1

p∗
=

1
M1

√
γ +1

2+(γ −1)M2
1
. (2.5)
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As with Equation 2.2, we can replace M1 in the right-hand side of Equation 2.5

by arbitrary Ma > M1 to determine the pressure at the corresponding axial position

(Figure 2.3b).

2.3 Acceleration of the particles (Regime 1)

To estimate the velocity of a drug particle, we consider its acceleration once it is

entrained in the gas that is itself accelerating (Figure 2.3a, zp ≈ 120 mm, pi ≈ 200

kPa, T ≈ 225K, ρHe= 0.138 kg
m3 , µHe = 2× 10−5 kg

m·s ). Three types of particles are

considered based on their similarities with existing therapeutics (Table 2.2). Based

on the expectation of turbulent flow (Reynolds number based on the diameter of

the inner capillary dICT =1.8 mm, ReICT = ρHeU dICT
µHe

, increases from 1.1× 104 at

the inlet to 1.6× 104 where the gas velocity reaches 800 m/s), we neglect radial

dependence of the velocity profile (for a drug particle with diameter, dp = 10 – 30

µm ≪ dICT , the time-smoothed flow is approximately uniform). The axial position

at which particles are introduced is taken to be zero, zp = 0 at t1 = 0 of Regime 1

(subscript i indicates the i-th Regime and time is “reset to zero,” i.e., ti = 0, when

the particle enters the i-th Regime), and the axial velocity of particles at that point

is negligible, up = 0 at t1 = 0. Consequently, the difference between the particle and

the gas velocities is large when the particles are first entrained; acceleration of the

particles brings their velocity closer to that of the carrier gas, so both the particle

Reynolds number and the force on the particles decrease over the first 60 mm of the

inner capillary tube.

As a particle moves through the inner capillary, it is affected by the local conditions

at its current position zp(t). Consequently, it is exposed to changing temperature,

pressure, gas velocity and gas properties. In an example relevant to biolistic deliv-

ery, the temperature, pressure and velocity of helium change from 298 K, 800 kPa

and 200 m/s at zp = 0, to approximately 225 K, 200 kPa and 800 m/s at zp =120 mm
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Figure 2.3: The a) velocity, b) pressure and c) temperature profiles calculated for
an ideal gas (to approximate helium) expanding adiabatically as it flows through
the inner capillary tube (DH = 1.8mm, f̄ = 0.002 for stainless steel), initially at 7.6
atm (100 psi gauge, 115 psi) and 298 K. The gas velocity, pressure and temperature
profiles are determined from Equation 2.1 and Equation 2.5. PS = Polystyrene, ρp
= 1.05 g/cm3, SLG = Soda Lime Glass, ρp = 2.85 g/cm3, W = Tungsten, ρp = 19.3
g/cm3
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Table 2.2: Types of microparticles modeled

Material Density Density

Polystyrene 1.05 g/cm3 Density comparable
to Eosin Y

Soda lime glass 2.85 g/cm3 Density comparable
to copper minerals

Tungsten 19.3 g/cm3 Density comparable
to gold microparticles

(Figure 2.3a). Helium’s viscosity is a weak function of pressure and its temperature

dependence approximately follows the kinetic theory for gases: µ ∼ ρ ūλ , where

density and mean free path are inversely proportional to each other, leaving µ ∼ ū

∼
√

kT/m.

We model the acceleration of drug particles by approximating the flow as uniform

with carrier gas axial velocity, u(z). For the particle sizes and flow conditions of

interest, the particle Reynolds number Rep < 180, allowing the drag to be computed

using a finite-Rep correction to the Stokes drag (Equation 2.7 rather than Equa-

tion 2.6):

Fd = 3πη(u−up)dp for creeping flow (Rep < 1), or (2.6)

Fd = 3πη(u−up)dp[1+0.15Re0.687
p ] for (1 < Rep < 1000). (2.7)

Newton’s second law (Equation 2.8) relates the force exerted by the fluid on the

particle to the particle’s acceleration,

F = m
dup

dt
, (2.8)

where m is particle mass,
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m =
1
6

πd3
pρp. (2.9)

If the particle experienced Stokes flow in a fluid of constant viscosity, the force act-

ing to accelerate it would simply be proportional to the difference between the gas

and particle velocities, (u− up), causing that difference to decrease exponentially

with time;12 and it is useful to write the acceleration of the particle in terms of the

resulting hydrodynamic relaxation time, τv,

dup

dt
=

[u−up]

τv
. (2.10)

In Regime 1, τv,1, (Equation 2.11 and, with inertial correction, Equation 2.12) varies

with the instantaneous viscosity of the carrier gas, µcg, at the local temperature and

pressure at the particle’s current position, zp, using the appropriate drag expression

above, either

τv,1 =

(
d2

pρp

18µ

)
for (Rep < 1) (2.11)

τv,1 =

(
d2

pρp

18µ

)
[1+0.15Re0.687

p ]−1 for (1 < Rep < 1000). (2.12)

If the mean free path of the gas were comparable to the particle size, the relaxation

time would require a slip correction factor, Cc:

τv =
ρpd2

pCc

18
. (2.13)

However, for helium at STP, the largest correction (for the smallest particle of in-

terest) is less than 5% and can be neglected (Table 2.3).
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Table 2.3: Slip correction factor values for air and helium at STP

Particle size Cc in Air at STP Cc for Helium at STP

10 µm 1.015 1.046
30 µm 1.005 1.015

The increase in particle velocity is given by the solution of Equation 2.10 (with the

initial condition up = 0 at t = 0), which is obtained numerically accounting for the

variation of τv,1, due to changes in Rep and µcg, (colored curves, Figure 2.3a).

To solve Equation 2.10, we first rearrange the differential equation to isolate up

terms on one side.

dup

dt
+

up

τv,1
=

u
τv,1

(2.14)

Then, using an integrating factor for a first-order differential equation, e
∫ 1

τv,1
dt
=

et/τv,1 , we can multiply and and rearrange to yield Equation 2.15.

et/τv,1
dup

dt
+ et/τv,1

up

τv,1
= et/τv,1

u
τv,1

(2.15)

The left side of the previous equation then becomes the derivative of et/τvup(t)

with respect to t. Integrating both sides with respect to t gives the equation Equa-

tion 2.16.

∫ d
dt

(
et/τv,1up(t)

)
dt =

∫
et/τv,1

u(t)
τv,1

dt (2.16)

Applying the fundamental theorem of calculus and ignoring the constant of integra-

tion for now yields Equation 2.17.
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et/τv,1up(t) =
∫

et/τv,1
u(t)
τv,1

dt (2.17)

Finally, solving for up(t) and integrating from 0 to t yields Equation 2.18.

up(t) = exp
(
− t

τv,1

)
1

τv,1

∫ t

0
u(t ′)exp

(
t ′

τv,1

)
dt ′ (2.18)

The variation of τv,1 with axial position in the capillary due to the increase in carrier

gas velocity and decreases in density, viscosity and relative velocity with respect

to the particle are modest (e.g., Rep decreases less than 1.5-fold from ∼190 to

∼120 and carrier gas viscosity decreases less than 1.3-fold µcg ∼
√

T ), causing

approximately a 25% variation in the following factor in (Equation 2.12),

1
µcg[1+0.15Re0.687

p ]
(2.19)

to vary from 0.155 to 0.202 s · m
kg (varying less than 3% in the range 0.190 ± 0.006

s · m
kg while the particle moves from zp = 25 mm to 120 mm).

By the time the particle reaches the end of the barrel, zp = L = 120 mm, up reaches

approximately 70% of the gas velocity. In our ideal scenario where the gas ap-

proaches Mach 1 (approximately 800 m/s for helium) at the exit and a 30 µm diam-

eter particle reaches approximately 580 m/s.

2.4 Deceleration of the particles through quiescent air (Regime 2)

As the particle transitions from an accelerating gas flow into still air (u = 0 in Equa-

tion 2.10, where air (viscosity = 1.8×10−5 Pa · s, air density = 1.225 kg/m3) after

it leaves the device (Re ∼ 400), the drag force changes sign and the particle decel-

erates.13 It slows exponentially from its exit velocity, up,e, to rest (Equation 2.20,

Figure 2.5) with relaxation time τv,2 (Equation 2.21).
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Figure 2.4: Predicted particle velocity profile through Regimes 1 and 2.

up(t) = up,ee−t/τv,2 (2.20)

τv,2 =
ρpd2

p

18µair
[1+0.15Re0.687

p ]−1 (2.21)

For a given particle diameter and density, its distance traveled, S (t2), obtained by

integrating Equation 2.20, and consequently its stopping distance, S∞, (the distance

traveled before the velocity reaches zero) are proportional to its exit velocity, up,e,

S (t2) = up,eτv,2[1− e−t2/τv,2] (2.22)

which yields as t → ∞, S∞ = up,eτv,2. (2.23)

Particle delivery requires that the distance between the exit of the device and the

cornea za must be less than S∞ (i.e. the dimensionless distance, za
S∞

< 1); the smaller
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the gap between the device and the cornea, the higher the particle velocity will be

when it impacts the anterior surface of the cornea. Specifically, an expression for

the velocity as a function of distance from the exit of the device (Figure 2.5a) is

obtained by rearranging Equation 2.22,

1− S(t)
up,eτv,e

= e−t/τv,e , (2.24)

and eliminating the exponential in favor of the particle velocity Equation 2.20,

up(t)
up,e

= 1− S(t)
up,eτv,e

. (2.25)

The particle velocity at impact, up,i, for impact distance, zi = 1.0 cm (commonly

used distance at which non-contact tonometers delivery air to the patient’s cornea)

and for particle sizes of interest for corneal drug delivery reveals the advantage of

using larger particles: for a particle density similar to drugs (ρp ∼ 1 kg/m3), the 20

and 30 µm diameter particles retain above 70% of their exit velocity while smaller

particles slow (10 µm) or even stop (5 µm) before impact (Table 2.4).

When considering particles of higher density, they retain their velocity much better

through quiescent air. Soda lime glass particles (ρp = 2.85 g/cm3) retain 70% of

their exit velocity down to particle sizes of around 10 µm. All of the tungsten

particles (ρp = 19.3 g/cm3) in the sizes that was considered (5–30 µm) retain at

least 88% of their exit velocity (Table 2.4).

In Figure 2.5, the fraction of initial exit velocity (
up

up,e
) from the tube is shown as

a function of time and distance after the particle leaves the tube. When combining

with the acceleration of the particles from Figure 2.3a, the velocity profiles of the

particles are shown in Figure 2.4.
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Figure 2.5: Fraction of exit velocity (i.e., particle velocity divided by its exit ve-
locity) as a function of distance and time. After the particle leaves the device, its
velocity decays to zero as a function of a) time and b) distance traveled. Smaller
particles decelerate faster than larger particles due to the quadratic dependence of
τv,2 on dp (Equation 2.21). Results are shown for all particle having an exit velocity
of 100 m/s, which enters in the expression for τv,2 due to the correction for finite
Rep.

2.5 Modeling penetration depth within the tissue (Regime 3)

In relation to the cornea, we seek delivery of particles into the epithelium and stroma

(a depth at least 50 µm below the apical epithelium), but less than 400 µm (above the

endothelium). The penetration depth is simply the distance a particle travels within

a tissue before coming to rest due to the sum of the force acting on it as it moves

through the tissue. Treating all of the forces as antiparallel to the direction of motion

(e.g., neglecting particle rotation), permits scalars to describe the magnitude of each

force: the frictional or viscous resistance (Ff ), the inertia of the target material (Fi),

and the yield force (Fy),14

m
dup

dt
= ∑F =−(Fi +Ff +Fy). (2.26)

The friction force is usually approximated using Stokes Law with a rate-independent

tissue viscosity, µt ,
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Ff = 6πµtrpup(t). (2.27)

Although tissue is expected to be viscoelastic, uncertainty in the treatment of this

term might not be important. Prior research by Kendall and coworkers showed that

frictional forces are negligible for skin penetrated by particles in the size range from

1 to 60 µm. They hypothesize that during particle impact, a thin film of fluid forms

between the projectile and tissue, reducing friction to a negligible level compared

to the inertial and yield forces15,16,17. Given the high-water content of the cornea,

his observations may hold for the cornea, too.

Therefore, we approximate the force balance as

m
dup

dt
= ∑F =−(Fi +Fy) =−

(
1
2

ρtAcup(t)2 +3Acσy

)
, (2.28)

where the inertial resistance of the target material (here, a biological tissue) scales

as the tissue density, the square of the instantaneous velocity of the particle and

the cross-sectional area of the particle, and the yield force has been approximated

as the force required to propagate a crack through the material if the process were

quasi-static, which requires the particle to exert a pressure that is 3-times the yield

stress independent of the particle velocity. Integration of Equation 2.28 gives the

expression for penetration depth:

d =
4ρprp

3ρt

[
ln
(

1
2

ρtu2
p,i +3σy

)
− ln(3σy)

]
. (2.29)

Unfortunately, there is scant data to test the validity of the quasi-static crack prop-

agation approximation. For skin, Kendall notes that a yield stress that is twice the

maximum value reported in prior literature (σy ∼ 4.9 – 22 MPa for skin) is required
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Figure 2.6: A simple schematic showing the two possible tissue failure mecha-
nisms. (A) An intracellular mechanism for smaller particles where they can pass
through the cells directly. (B) An extracellular mechanism for larger particles where
they have to disrupt the layering of cells in order to pass through. The direction of
impact is from above, as denoted in the image.

to describe their experimental results (σy ∼ 40 MPa best fit Kendall’s particle pen-

etration vs impact velocity data).15 This disparity causes Kendall to question the

quasi-static assumption: literature “tensile tests do not take into account the high

local strain rates that occur in the tissue upon particle impact.” Furthermore, Kendall

speculates that the mechanism of penetration may depend on particle size, partic-

ularly for particles of sizes comparable to biological cells and extracellular matrix

structures (Figure 2.6).18 Specifically, for particles that are larger than epithelial

cells, such as polystyrene particles of diameter > 15um, Kendall envisions yielding

through an extracellular mechanism of failure (Figure 2.6), with relatively low yield

stress ∼ 1 MPa. In contrast, smaller particles (e.g., 1–3 µm diameter, gold) pene-

trate intracellularly passing through individual cell membranes (for which Kendall

estimates 10 MPa yield stress). Thus, at the outset of this thesis, it is not possible

to predict the depth that the particles will reach: the values of key parameters are

unknown (especially the tissue yield stress as a function of strain rate and relative

size of the particle compared with structural length scales of the tissue).
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Figure 2.7: An estimation of non-dimensionalized penetration depth ( dρt
2rpρp

) as a
function of impact velocity calculated using Equation 2.28 for yield stress values
spanning 0.5 to 5 MPa. The huge uncertainty in the penetration depth is due pri-
marily to the unknown yield stress of the corneal tissue.

Despite the large uncertainty in the yield stress, the model can be used for a fea-

sibility calculation using the entire range of yield stress values in the literature to

calculate the envelope of possible penetration depth, d, as a function of impact ve-

locity, up,i (Figure 2.7). The result suggests that accessible impact velocity values

should enable particles to penetrate at least one particle diameter ( d
2rp

= 1). For

example, if the particle’s density is twice that of the tissue (ρp
ρt

= 2), the critical

velocity to penetrate one particle diameter is in the range from 50 m/s to 250 m/s

(Figure 2.7, reading from the graph the velocity range for dimensionless penetra-

tion dρt
2rpρp

= 0.5). Even the highest of these velocities should be accessible using

a device that protects the patient’s eye from the carrier gas (Figure 1.4).3,19 Thus,

the model indicates feasibility of particle delivery, with uncertainly in the degree of

difficulty.

One limitation to consider is the maximum penetration into the cornea — specif-

ically, whether particles can penetrate beyond the endothelium, which is located

450–500 µm from the anterior surface of the eye. Our model predicts that for both

polystyrene and soda lime glass particles, even if the impact velocity were to reach
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Mach 1 (a scenario that not possible traveling through ambient air), these particles

would only penetrate approximately half of the corneal thickness, about 250 µm. In

the case of tungsten, our model suggests that if impact velocities for 15 µm particles

could achieve Mach 1, or Mach 0.5 for 20 µm particles, then these particles might

have the necessary momentum to penetrate the full thickness of the cornea. How-

ever, achieving such impact velocities would require a 3-4 fold increase in particle

acceleration requiring a clinically insignificant tube length.

To better understand the properties of the cornea, exploring questions of the role of

deformation rate and particle size relative to natural length scales of the tissue, we

will first establish the range of particle sizes and velocities that can produced using

Groisman’s general design. There is no literature on the role of device geometry

and operating conditions on the velocity and yield of particles leaving the device.

To gain this information, we present a novel apparatus that permits experimental

quantification of these performance metrics as functions of the geometry of the gas

diversion unit (particularly the number of orifice discs, their spacing and orifice

sizes) and the operating conditions (inlet pressure, vacuum pressure, and particle

size).

2.6 New apparatus design

Groisman’s ballistic delivery device provides the unique ability to eliminate injury

due to high velocity gas that can severely damage biological tissues. We designed

an apparatus (Figure 2.8a) to study the effects of the geometry of the gas diver-

sion unit and vacuum pressure that diverts the carrier gas. The device retained the

previously established ability to vary the inlet pressure, mass and size of particles

loaded and device-to-sample distance. The new design facilitated changing the ori-

fice size, number and position of the orifice discs, and the strength and symmetry

of the imposed vacuum in the gas diversion unit. Anticipating potential clinical
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Table 2.4: Predicted penetration depth for particle types

Particle
type dp

Exit
Velocity

(m/s)

Impact4

Velocity
(m/s)

%
Velocity
Retained

Predicted
Penetration
Depth (µm)

Normalized
Penetration

Depth

PS1

5 569 0 0% 0.0 0.0
7.5 523 74.6 14.3% 1.6 0.2
10 476 192 40.3% 8.5 0.9
15 380 238 62.6% 16.0 1.0
20 341 252 73.9% 22.6 1.1
30 293 247 84.3% 33.2 1.1

SLG2

5 492 209 42.5% 12.7 2.5
7.5 398 257 64.6% 23.4 3.1
10 344 258 75.0% 31.4 3.1
15 290 246 84.8% 44.9 3.0
20 238 212 89.1% 51.5 2.6
30 205 191 93.2% 68.8 2.3

W3

5 267 237 88.8% 97.8 19.6
7.5 215 200 93.0% 122.7 16.4
10 184 175 95.1% 140.4 14.0
15 144 140 97.2% 158.8 10.6
20 121 118 97.5% 166.8 8.3
30 95 93.7 98.6% 176.1 5.9

1 Polystyrene (PS), density: 1.05 g/cm3

2 Soda Lime Glass (SLG), density: 2.85 g/cm3

3 Tungsten (W), density: 19.3 g/cm3

4 Standoff distance 10 mm. Inlet pressure 100 psi. Assumes atmospheric pressure at exit of
inner capillary tube.

translation, we designed the apparatus from commercially available components

(mainly acquired from Thorlabs, Newton, NJ, USA), custom modified as needed

(documented in SOLIDWORKS to facilitate automated production, numerically

controlled machining demonstrated by the Caltech Instrument Shop). We studied

the mass fraction of particles delivered and the spatial distribution (radial and depth)

of delivered particles as functions of the following parameters (Table 2.5), for which

no literature exists today.
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(a) New apparatus design for biolistic drug delivery

(b) Gas Diversion Unit of our device

Figure 2.8: Our proposed design that integrates a more uniform vacuum suction,
interchangeable orifice discs (with difference orifice sizes), and varying orifice disc
gap distance. To minimize the lateral deflection of particle trajectories, the new gas
diversion unit (GDU) has 24 evenly spaced openings to provide symmetric flow
of carrier gas outward to a low-pressure vacuum chamber (VC) allowing particles
to continue on axis and pass through the coaxial orifices. The GDU can be disas-
sembled for inspection of the various surfaces within it to characterize the spatial
distribution of particle loss.
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Figure 2.9: Photograph of our biolistic microparticle delivery device

Figure 2.10: Cartridges were prepared by loading 0.5 µL of 1% w/w 5–22 µm silver-
coated soda lime glass particles in water/ethanol mixture.
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(a) Mag = 150x, EHT = 5.00 kV (b) Mag = 1000x, EHT = 10.00 kV

Figure 2.11: Scanning electron micrographs of silver coated soda lime glass particles (ρp

= 2.85 g/cm3).

(a) Mag = 100x, EHT = 10.00 kV (b) Mag = 750x, EHT = 10.00 kV

Figure 2.12: Scanning electron micrographs of tungsten (ρp = 19.3 g/cm3).
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2.7 Materials and methods

Agarose gels as a surrogate for corneal tissue

To characterize the penetration with our novel ballistic delivery device, particles

were delivered into agarose gels, which is used in lieu of direct measurement of

velocity vs. distance from the device exit. Gels were prepared by mixing 1% w/w

agarose (Sigma Aldrich, St. Louis, MO) gels into PBS, heating until the solution

boils and then poured into petri dishes to achieve a thickness of approximately 500

µm. Gels in petri dishes were sealed with Parafilm and placed in the refrigerator at

4ºC for at least 30 minutes prior to use, and were used within 48 hours of prepara-

tion.

Microparticle delivery parameters

Three types of particles with differing densities (Table 2.2) — polystyrene particles

(ρp = 1.05 g/cm3, Cospheric, Somis, CA) ranging from 10 to 30 µm diameter,

silver-coated soda lime glass microspheres (ρp = 2.85 g/cm3, Cospheric, Somis,

CA) ranging from 5 to 22 µm diameter, and tungsten particles (ρp = 19.3 g/cm3,

US Research Nanomaterials, Houston, TX) were ballistically delivered into these

gels with varying parameters (Table 2.5) — inlet pressures (50–150 psi), standoff

distances (5–15 mm), orifice sizes (200–400 um), and orifice setup (2–3 disks).

The device used was the custom modified pneumatic capillary gun as described in

Section 2.6. Unless otherwise noted, all deliveries were performed using vacuum

of –10 psi (–69 kPa) in the GDU.

Imaging of agarose gels and data processing

Immediately following particle delivery, agarose gels were imaged with optical co-

herence tomography using a Ganymede 210 Series Spectral Domain OCT imaging

System with an OCTP-900 scanner and 8 m later resolution scan lens (Thorlabs,

Newton, NJ). Three-dimensional images with pixel sizes of 2.03 µm (x) by 2.03 µm
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Table 2.5: Parameters along with their ranges to be evaluated

Parameter Definition Range

rO Orifice sizes 200 to 300 µm

za Standoff distance to target 5 to 15 mm

pi Inlet pressure 50 to 150 psi

dp Particle diameter 5 to 30 µm

no Number of orifice discs 2 to 3

(y) by 2.03 µm (z) were acquired using the medium speed, medium sensitivity of 15

kHz A-scan rate or the low-speed, high sensitivity of 5.5 kHz A-scan rate. Images

were exported as a three-dimensional stack of XZ-slices. Images were processed

using FIJI (FIJI Is Just ImageJ) and the built-in 3D object counter plugin was used

to identify spherical particles with diameters within 5–25 µm. Statistics containing

the particles position as well as the gel’s surface was then exported and analyzed

using custom Python code, which would determine each particle’s depth within the

gel.

2.8 Results and discussion

Our studies of this particular ballistic delivery device centered on its clear advan-

tage in its clinical application — namely, it delivered high speed microparticles into

targets with minimal gas damage. In previous work in our group, ballistic particle

delivery mainly focused on the Bio-Rad PDS-1000, which accelerated particles to

high speeds with particles riding a rupture disc in a vacuum chamber. The vacuum

chamber presents one obvious downside — it cannot be used in a clinical setting

where the in vivo cornea can be placed in the chamber. Another downside is the

mechanism at which particles are propelled into the target. A microcarrier carrying

microparticles is accelerated by gas whereby a stopping screen catches the micro-

carrier and only allows the microparticles to continue towards the target. Along
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Figure 2.13: Representative side profile image of soda lime glass particles of den-
sity, ρp = 2.85 g/cm3, delivered into 1% w/w agarose gel. Particles were delivered
with the following instrument parameters: inlet pressure pi = 125 psi (862 kPa),
standoff distance za = 10 mm and three orifice discs with 200 µm diameter ori-
fice. Larger particles tended to penetrate deeper, while smaller particles were found
closer to the surface.

with the microparticles is the movement of air towards the target, and at pressures

used in the PDS-1000, would result in tissue damage.

In our device, we aimed to solve both deficiencies, by diverting all outlet gas flow

and allowing this to be used in a clinical setting (for example, we could modify it as

a handheld device that can be pressed onto an animal’s body). We needed to study

the flow of the particles because unlike the PDS-1000, where every microparticle

despite its size travels at the same velocity towards the target, in our device, particles

are entrained in a gas flow meaning different sized particles would reach different

speeds. These particles then pass through stagnant, ambient air, where they are

decelerated, again, the particle’s properties play a role in their deceleration, before

reaching the target. The penetration into the target should behave similarly to pre-

vious studies, but considering the path the particle takes to reach that initial entry

into the target is crucial.
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We began by examining soda lime glass particles (density = 2.85 g/cm3), with par-

ticle diameters ranging from 5 to 22 µm, because based on our models, their density

and diameters offer the most promise in penetrating into corneal tissue. Polystyrene

particles were initially examined but due to their low density, we hypothesized that

while they would accelerate up to speed, they would also decelerate quite quickly

through ambient air, effectively diminishing their penetrating power. Tungsten par-

ticles provided the most penetrating power, but given their high density, particles

may not reach sufficient speeds in order for sufficient penetration.

Standoff distance affects smaller particles as well as spatial resolution

Initial observations confirm that shorter standoff distances reduce the radial distri-

bution of the particles found within the agarose gel (Figure 2.14). Furthermore,

we noted a 2–3 fold increase in the presence of particles with diameters of 10–14

microns at shorter distances (Figure 2.15). This observation is supported by quanti-

tative measurements using microscopic analysis, which revealed a clear gradient in

particle distribution as a function of distance. This increased penetration at shorter

distances can be attributed to reduced air resistance and the maintenance of particle

velocity, which are critical factors in overcoming the gel’s resistance.

Regarding particles achieving normalized depths greater than 2, our data indicate

a distinct pattern. These particles, which successfully penetrate deep into the gel

rather than merely adhering to the surface, predominantly belong to the 10–14 mi-

cron diameter range. At standoff distances of 5 mm, a significant proportion of

these particles managed to achieve such penetration depths, whereas at 15 mm, the

occurrence of deep penetration markedly decreased. This trend underscores the

influence of standoff distance on the effective delivery of therapeutic particles.

Particles of 12 microns in diameter or smaller showed an insignificant contribution

to deep penetration, even in the relatively less dense agarose gel compared to the
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(a) Cross sectional view of soda lime glass particles in 1% w/w
agarose gel

(b) Soda lime glass particle distribution in 1% w/w agarose

Figure 2.14: Penetration depth and horizontal positions of silver-coated soda lime
glass particles (ρp = 2.85 g/cm3) in 1% w/w agarose as a function of standoff dis-
tance increasing from top to bottom (5, 10, 12.5, 15 mm) for the following instru-
ment parameters: pi = 125 psi (862 kPa), 3 orifice discs with 200 µm diameter
orifice size. Each symbol represents a single particle. The relative size of the sym-
bol represents their relative diameter. Results from n = 4 replicates are pooled.
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corneal tissue. This observation suggests a threshold effect where smaller parti-

cles, despite their higher initial velocities, lack sufficient momentum to overcome

the surface resistance of the gel. In contrast, particles in the 14–16 micron range

represent a transitional phase, exhibiting significant penetrating power at a 5 mm

standoff distance, which diminishes with increased air travel.

The 14–16 micron particles serve as an inflection point in our study (Figure 2.15).

Within this size range, the particles exhibit a notable decrease in penetration effi-

cacy as the standoff distance increases. This trend is particularly evident in the data

showing a higher percentage (62.5% to 77.1% to 78.0% to 83.0%) of these particles

failing to penetrate the gel surface at greater distances. This finding provides valu-

able insights into the balance between particle size and travel distance, suggesting

an optimal range for effective drug delivery in ophthalmologic applications.

Larger particles, particularly those in the 16–20 micron range, presented an inter-

esting dynamic. Our model predicted that these larger particles would retain more

momentum through the stagnant air, a hypothesis that was corroborated by our ex-

perimental data. These particles, despite potentially lower exit velocities from the

delivery device, maintained sufficient momentum to penetrate the agarose gel ef-

fectively. This behavior highlights the importance of considering both particle size

and delivery dynamics in designing effective ophthalmologic therapies.

The findings regarding 16–20 micron particles are particularly relevant for clinical

applications. Their size makes them visually imperceptible, reducing potential dis-

comfort or visual disturbances for patients. Additionally, their effective penetration

at a range of standoff distances from 5 to 15 mm underscores their suitability for

varied clinical scenarios, offering flexibility and forgiveness in the delivery process.

This adaptability is vital for designing clinically viable ophthalmologic treatments

that are both effective and patient-friendly.
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When examining the effect of standoff distance to the radial distance from the mass

center (Figure 2.17), the weight of particles found at increased distances (300–500

µm) away from the mass center increases as the standoff distance increases from 5

mm to 15 mm. For clinical relevance, this suggests that the smaller the standoff dis-

tance, the finer the spatial resolution achieved in particle delivery. Commercialized

gene guns such as the Helios gene gun uses a standoff distance of 2.8 cm (Fig-

ure 1.3), in part because they use distance to reduce the damage caused by the exit

gas on the target. As a result, the dispersion of the particles which the manufacturer

estimates to be over 2 cm wide (20% of the diameter of a human cornea).

Our experimental setup was designed to examine the precision of particle delivery

in relation to standoff distance, with a particular focus on the dispersion pattern

upon impact with the target. Utilizing a 200 µm exit orifice, our data indicates that

at a standoff distance of 10 mm, the particles maintain a collimated trajectory and

disperse over a confined area of approximately 1 mm by 1 mm on the agarose target.

This collimation results in a maximal deflection angle of roughly 3.5 degrees when a

single orifice disc is used. However, the alignment of three consecutive orifice discs

significantly reduces this angle, ensuring that particles exit the delivery device and

travel almost perpendicular to the target surface, as detailed in Section 2.10.

In ophthalmologic applications, the precision of drug delivery is crucial for both

efficacy and safety. The non-contact tonometer sets a benchmark for standard dis-

tance in diagnostic equipment, prompting an investigation into the optimal standoff

distance for particle delivery in therapeutic contexts. We hypothesize that closer

standoff distances lead to increased penetration depths due to higher particle veloc-

ity, primarily because particles decelerate less over shorter distances, maintaining

higher impact velocities upon entering the target, in this case, agarose gel. This

study selected standoff distances ranging from 5 mm to 15 mm, based on prelimi-

nary tests that indicated this range as potentially significant for particle penetration.
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Figure 2.15: Distribution of normalized penetration depth d/Dp, from 0–2 and 2–
10 for soda lime glass particles (ρp = 2.85 g/cm3) in 1% w/w agarose as a function
of standoff distance increasing from top to bottom (5, 10, 12.5, 15 mm) for the
following instrument parameters: pi = 125 psi (862 kPa), 3 orifice discs with 200
µm diameter orifice size. Particles were binned by their diameter in 2 µm intervals
and their distance from the XY-center is shown on the color bar. Percentage of
particles in each bin that is found between normalized penetration depth 0–2 and
2–10 is shown on each graph. Each symbol represents a single particle. Results
from n = 3 replicates are pooled.
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Figure 2.16: Distribution of normalized penetration depth d/Dp, from 0–2 and 2–
10 for soda lime glass particles (ρp = 2.85 g/cm3) in 1% w/w agarose as a function
of standoff distance increasing from top to bottom (5, 10, 12.5, 15 mm) for the
following instrument parameters: pi = 125 psi (862 kPa), 3 orifice discs with 200
µm diameter orifice size. Particles were binned by their diameter in 2 µm intervals
and their distance from the XY-center is shown on the color bar. Weight fraction
that is found between normalized penetration depth 2–10 is shown on each graph.
Each symbol represents a single particle. Results from n = 3 replicates are pooled.
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Figure 2.17: Distribution of normalized penetration depth d/Dp, from 2–10 for
soda lime glass particles (ρp = 2.85 g/cm3) in 1% w/w agarose as a function of
radial distance and standoff distance increasing from top to bottom (5, 10, 12.5, 15
mm) for the following instrument parameters: pi = 125 psi (862 kPa), 3 orifice discs
with 200 µm diameter orifice size. Particles were binned by their diameter in 2 µm
intervals and their distance from the XY-center is shown on the color bar. Weight
fraction that is found between normalized penetration depth 2–10 is shown on each
graph. Each symbol represents a single particle. Results from n = 3 replicates are
pooled.
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(a) 5 mm standoff distance

(b) 10 mm standoff distance

Figure 2.18: Distribution of normalized penetration depth d/Dp, for soda lime glass
particles (ρp = 2.85 g/cm3) in 1% w/w agarose as a function of standoff distance
increasing from top to bottom (5, 10, 12.5, 15 mm) for the following instrument
parameters: pi = 125 psi, 3 orifice discs with 200 µm diameter orifice size. Only
particles with d/Dp between 1.5 and 10 are shown. Particles were binned by their
diameter in 2 µm intervals and their relative probability density is shown on the
color bar. Results from n = 3 replicates are pooled.
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(c) 12.5 mm standoff distance

(d) 15 mm standoff distance

Figure 2.18: Distribution of normalized penetration depth d/Dp, for soda lime glass
particles (ρp = 2.85 g/cm3) in 1% w/w agarose as a function of standoff distance
increasing from top to bottom (5, 10, 12.5, 15 mm) for the following instrument
parameters: pi = 125 psi, 3 orifice discs with 200 µm diameter orifice size. Only
particles with d/Dp between 1.5 and 10 are shown. Particles were binned by their
diameter in 2 µm intervals and their relative probability density is shown on the
color bar. Results from n = 3 replicates are pooled.
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These distances also mirror the practical constraints faced in clinical ophthalmo-

logic settings.

As we scrutinize the impact of varying standoff distances, our hypothesis that re-

duced distances would correlate with more concentrated particle distribution was

confirmed. This was most evident in the 5 mm standoff distance experiments, where

the majority of the particle weight fraction is centralized within 200 µm of the tar-

get’s center. However, as the standoff distances increase to 10, 12.5, and 15 mm, we

observe a discernible shift in particle dispersion. With greater distance comes a re-

duction in particle velocity and an increased vulnerability to air resistance, leading

to a broader spread of particles across the agarose surface. This pattern of dispersion

underscores the delicate balance between standoff distance and particle velocity in

achieving targeted and spatially controlled delivery.

Inlet pressure shows weak effect on penetration depth

The flow of particles through the ICT (Regime 1) was expected to be driven by

the pressure gradient. We expected inlet pressure and by extension, pressure gra-

dient, down our capillary tube to drive the flow of particles and accelerate them in

Regime 1. Naturally, it would be easy to hypothesize that as the pressure difference

increases, the higher the gas velocity would be. Even if the maximum gas velocity

is limited by reach sonic speeds, we would expect the velocity to reach the maxi-

mum speed earlier, allowing for a larger gradient between particle and gas velocity

to drive the velocity of the particles. Thus, when keeping the physics of the particle

in Regimes 2 and 3 constant, it would be logical to assume that a higher pressure

gradient would allow for deeper penetration depths in the target because the particle

would exhibit a higher exit velocity, translating to a higher impact velocity.

However, our studies show that pressure has almost no correlation to penetration

depth in the agarose gels (Figure 2.19 and Figure 2.20). As shown with the prior
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Figure 2.19: Distribution of normalized penetration depth d/Dp, for soda lime glass
particles (ρp = 2.85 g/cm3) in 1% w/w agarose as a function of inlet pressure de-
creasing from top to bottom (150, 125, 100, 75 psi) for the following instrument
parameters: za = 10 mm, 3 orifice discs with 200 µm diameter orifice size. Particles
were binned by their diameter in 2 µm intervals and their distance from the XY-
center is shown on the color bar. Percentage of particles in each bin that is found
between normalized penetration depth 0–2 and 2–10 is shown on each graph. Each
symbol represents a single particle. Results from n = 3 replicates are pooled.
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Figure 2.20: Distribution of normalized penetration depth d/Dp, for soda lime glass
particles (ρp = 2.85 g/cm3) in 1% w/w agarose as a function of inlet pressure de-
creasing from top to bottom (150, 125, 100, 75 psi) for the following instrument
parameters: za = 10 mm, 3 orifice discs with 200 µm diameter orifice size. Only
particles with d/Dp between 1.5 and 10 are shown. Particles were binned by their
diameter in 2 µm intervals and their relative probability density is shown on the
color bar. Results from n = 3 replicates are pooled.
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standoff distance studies, larger particles tended to penetrate deeper into the gels.

This trend was evident despite varying the inlet pressure from 75, 100, 125, and

150 psi.

One important factor to limiting inlet pressures to below 150 psi was the capacity

of our gas diversion unit to successfully divert all the exit gas. At inlet pressures

above 150 psi, exit gas began escaping through the third orifice disc, which would

negate any clinical benefit our device brings.

Higher inlet pressures may allow an increase in force to remove of the particles

from the cartridges. Because we were unable to readily quantify the loading of

each particle and the particles that remained on the cartridge, this cannot be verified

and will be studied in the future.

Orifice size controls number of particles delivered and amount of exit gas

The probability density graphs in Figure 2.21 reveal that there is a slight increase in

penetration depth as the orifice diameter is increased. The trend that larger particles

end up in deeper parts of the agarose gel persists.

As discussed earlier, the first orifice disc primarily reduces the speed of the car-

rier gas that leaves the inner capillary tube. The second disc is to further reduce the

speed by creating a small space between the first two orifice discs and applying vac-

uum into that space. Finally, the third disc is to completely eliminate the remaining

carrier gas. As the orifice size increases from 200 to 300 µm, the amount of parti-

cles delivered into the sample greatly increased. As we examined the SEM images

of the particles (Figure 2.11 and Figure 2.12), a number of the particles appeared

to be clustered together. We theorize that some of these clusters travel along the

ICT as a larger unit and only when they enter the tissue, they break up and appear

as individual particles. This might explain why small particles individually would

decelerate in ambient air rather quickly, but when they act as one larger particle,
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(a) Three orifice discs of 200 µm diameter

(b) Three orifice discs of 250 µm diameter

(c) Three orifice discs of 300 µm diameter

Figure 2.21: Distribution of normalized penetration depth d/Dp, for soda lime glass
particles (ρp = 2.85 g/cm3) in 1% w/w agarose as a function of orifice sizes increas-
ing from top to bottom (200, 250, 300 µm) for the following instrument parameters:
za = 10 mm, 3 orifice discs with 200 µm diameter orifice size. Only particles with
d/Dp between 1.5 and 10 are shown. Particles were binned by their diameter in 2
µm intervals and their relative probability density is shown on the color bar.
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they readily keep their momentum as they enter the target. When the orifice size

is increased, it allows for more of these clusters to pass through the three orifice

discs. In the case of tungsten particles that we examine below, since they nominally

are denoted as 20 µm particles, but cluster as much larger particles, these clusters

are blocked from even exiting the ICT when the orifice disc is too small. When we

enlarge the orifice disc, more meaningful numbers of particles are allowed to pass

through into the target.

For 400 µm, the amount of exit gas detected was no longer negligible at high inlet

pressures.

Density increase needed to achieve depths for clinical relevance

This section of the study aims to ascertain the necessary density increase in par-

ticles to achieve penetration depths relevant for clinical applications. We utilized

soda lime glass particles to explore the impact of various parameters on their pen-

etration depth in agarose gels. This choice was informed by the fact that porcine

corneas, used in ex vivo testing in subsequent chapters, have an epithelium thickness

of approximately 70 microns.

While acknowledging that agarose is not an exact substitute for corneal tissue, we

highlight its benefits as a surrogate. Agarose gels are transparent, facilitating ease

of imaging. Additionally, previous studies, notably by the Groisman lab, have em-

ployed agarose as a target material in ballistic testing. Its ease of preparation and

consistency, coupled with relative insensitivity to local environmental conditions,

make it an ideal choice for our experiments.

Focusing on the penetration capabilities of soda lime glass microparticles in agarose,

we noted that although they demonstrate significant penetration, a loss in penetra-

tion efficiency is anticipated when transitioning to corneal tissue. This necessitates

a deeper understanding of the relationship between particle density and penetration
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(a) Distribution of soda lime glass particles (ρp = 2.85 g/cm3)

(b) Distribution of tungsten particles (ρp = 19.3 g/cm3)

Figure 2.22: Distribution of normalized penetration depth, d/Dp, for soda lime
glass (a) and tungsten (b) particles, which were delivered into 1% w/w agarose gel
using inlet pressure, pi = 125 psi (862 kPa), standoff distance, za = 10 mm, and
orifice discs denoted in the subcaption. Only particles with d/Dp between 1.5 and
30 are shown. Particles were binned by their diameter in 2 µm intervals and their
relative probability density is shown on the color bar.
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depth. Our objective is to identify suitable particles for delivery into the cornea in

both ex vivo and in vivo settings.

This study examined depositing microparticles of soda lime glass and tungsten onto

cartridges, which were then delivered with inlet pressure, pi, of 125 psi, standoff

distance, za of 10 mm, and with three orifice discs into 1% agarose gels. We quan-

tified the penetration of these particles (normalized depth of 1.5 or greater) and

categorized them based on their diameters, as illustrated in Figure 2.22. The results

for soda lime glass particles mirrored earlier findings regarding standoff distance,

where particles with diameters ranging from 16–20 µm exhibited deeper penetration

into the agarose gels, surpassing the epithelium threshold consistently.

In contrast, tungsten particles (with a density of 19.3 g/cm³) showed a marked in-

crease in penetration across all examined diameters. Particularly in the 14–16 µm

range, penetration depths reached nearly 15 diameters into the agarose gel, trans-

lating to approximately 225 microns. However, tungsten particles in the higher

diameter range (18–20 µm) demonstrated reduced penetration compared to those

in the 14–16 µm range, likely due to the difficulty in accelerating larger, denser

particles to the required speed.

Referring back to the predicted penetration depth based on our model (Table 2.4),

we expected tungsten particles to decrease in normalized penetration depth as the

diameter size is increased. The penetration profile for tungsten particles (Fig-

ure 2.22) reveals two trends. First, as the particle size increases from 10–16 µm,

the penetration depth increases contrary to our model. However, this behaves in ac-

cordance to all the studies of soda lime glass particles which suggest that the particle

diameter has little effect on normalized penetration depth, or shows an upwards lin-

ear trend. As the particle sizes increase beyond 16 µm, the normalized penetration

depth decreases. As our model predicted, although larger particles carry more pen-
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etrating power in the material they are entering, they also do not reach high speeds

in the ICT. For a density such as tungsten, most if not all, the particle sizes retain

their exit velocity fairly well ( vi
ve

> 0.89).

In contrast, with soda lime glass particles, the opposite trend holds. Particles rang-

ing from 10–16 µm appear to reach a very similar penetration depth. However,

particles larger than 16 µm, were found at greater depths, suggesting they reached

the target at higher velocities than the smaller ones. Taking one step back, this sug-

gests the smaller particles either decelerated much faster in the stagnant air, because

the alternative hypothesis that the larger particles accelerated to higher velocities as

compared to the smaller ones is very unlikely. (Recall, in a normalized penetra-

tion depth vs. diameter plot if the impact velocity was the same and if penetration

depth was proportional to diameter, the normalized penetration depth would show

a horizontal line.)

2.9 Conclusion

This chapter presents the design of new particle delivery apparatus to study the

effects of the configuration the gas diversion that protects tissue from the carrier gas.

The device was successfully used to characterize the effects of the standoff distance,

the inlet pressure, the number of orifice discs and the diameter of the orifice in each

disc. The results reveal some surprising features that do not agree with expectations

for particle acceleration and deceleration (e.g., Figure 2.20). Future research to

discover the origin of discrepancies could include quantitative measurements of

particle velocities as they leave the delivery device and as the slow moving through

stagnant air. The experiments also show features that accord with expectations for

acceleration and deceleration (e.g., Figure 2.22). The ability to achieve significant

penetration in the hydrogel for both particles of density 2.85 and 19.3 g/cm3 guides

the selection of delivery parameters to test in corneas ex vivo. Specifically, we



65

choose a standoff distance of 10 mm: clinically, variations in the distance between

the exit orifice of a delivery device and the position of the cornea’s anterior surface

could occur, and this chapter shows that delivery is consistent over a +/-25% range

in standoff distance about 10 mm. We choose an inlet pressure of 125 psi, based

on its ability to consistently strip particles from the cartridge. And we chose to use

a configuration with three orifice discs with orifice diameter of 200 µm for soda

lime glass and 300 µm for tungsten, based on the number of particles delivered and

their ability to still eliminate the exit gas. These parameters are next examined for

delivery of particles to porcine corneas ex vivo.
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2.10 Supplemental information

Figure 2.23: Calculations showing particles travel towards target in a collimated
pattern.
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Figure 2.24: Distribution of soda lime glass particles (ρp = 2.85 g/cm3) in 1% w/w
agarose at a standoff distance of 5 mm.

Figure 2.25: Distribution of soda lime glass particles (ρp = 2.85 g/cm3) in 1% w/w
agarose at a standoff distance of 10 mm.
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Figure 2.26: Distribution of soda lime glass particles (ρp = 2.85 g/cm3) in 1% w/w
agarose at a standoff distance of 12.5 mm.

Figure 2.27: Distribution of soda lime glass particles (ρp = 2.85 g/cm3) in 1% w/w
agarose at a standoff distance of 15 mm.
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Figure 2.28: Distribution of soda lime glass particles (ρp = 2.85 g/cm3) in 1% w/w
agarose at a inlet pressure of 75 psi.

Figure 2.29: Distribution of soda lime glass particles (ρp = 2.85 g/cm3) in 1% w/w
agarose at a inlet pressure of 100 psi.
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Figure 2.30: Distribution of soda lime glass particles (ρp = 2.85 g/cm3) in 1% w/w
agarose at a inlet pressure of 125 psi.

Figure 2.31: Distribution of soda lime glass particles (ρp = 2.85 g/cm3) in 1% w/w
agarose at a inlet pressure of 150 psi.
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Figure 2.32: Distribution of soda lime glass particles (ρp = 2.85 g/cm3) in 1% w/w
agarose with orifice diameter of 250 µm.

Figure 2.33: Distribution of soda lime glass particles (ρp = 2.85 g/cm3) in 1% w/w
agarose with orifice diameter of 300 µm.
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Figure 2.34: Distribution of soda lime glass particles (ρp = 2.85 g/cm3) in 1% w/w
agarose with three orifice discs and diameter of 200 µm.

Figure 2.35: Distribution of soda lime glass particles (ρp = 2.85 g/cm3) in 1% w/w
agarose with two orifice discs and diameter of 200 µm.
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Figure 2.36: Distribution of soda lime glass particles (ρp = 2.85 g/cm3) in 1% w/w
agarose with three orifice discs and diameter of 300 µm.

Figure 2.37: Distribution of soda lime glass particles (ρp = 2.85 g/cm3) in 1% w/w
agarose with two orifice discs and diameter of 300 µm.
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(a) Scanning electron micrograph of soda lime glass
particles

(b) Spectrum 4

(c) Spectrum 5

Figure 2.38: Scanning electron micrograph of silver coated soda lime glass parti-
cles casted onto silicon wafer and corresponding electron dispersive spectroscopy
spectra. Spectrum 4 shows high counts of silicon from a point on the wafer. Spec-
trum 5 shows counts of silver, silicon and platinum from a point on the particle.
Magnification = 200x, EHT = 10 kV.
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C h a p t e r 3

BIOLISTIC DELIVERY OF MICROPARTICLES INTO THE
CORNEA

3.1 Introduction

When one thinks of particles entering the cornea, the first thing that comes to mind

is injury. Literature reflects this concern. Some particle-induced corneal injuries

result accidentally (e.g., wind borne seeds1 and sand,2 or particles accelerated by

compressed gas, such as “silly string”).3,4 Other particle-induced corneal injuries

result from attacks, typically involving large (> 4 mm) ballistic objects5, with par-

ticular attention to those that penetrate through the entire thickness of the cornea.6

Scant attention has been given to the possibility of using particle delivery to the

cornea for therapeutic purposes, which is the focus of the present work.

For therapeutic uses, such as drug delivery, particle sizes that are small enough

that they would not be perceived visually by the patient or an observer (≤ 30 µm)

and large enough that a modest number (≤ 1000 µm) can deliver a therapeutically-

relevant dose of drug (> 5 µm for two examples discussed below). From the liter-

ature on accidental penetration of particles in the eye, as a study examined mecha-

nisms of corneal injuries to farmworkers toiling in high winds extended to particles

as small as 20 microns;1 they found that particle sizes below 500 microns rarely

produced injuries to Bowman’s layer, the basement membrane of the corneal ep-

ithelium. However, we were unable to find information relevant to the therapeutic

use of find particles, such as their penetration depths, their consequences for epithe-

lial barrier function, or for the refractive surface of the cornea.

While prior literature studied a variety of corneal injuries due to small airborne par-

ticles such as mustard seed, silly string, sand, etc. Clinical studies typically eval-
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uated subjects based on ocular function (e.g., the presence of corneal haze viewed

through a slit lamp or whether globe rupture occurs) and pain tolerance as opposed

to detailing fine details of penetration such as what size the particles are and where

they reside in the cornea. Prior research has focused on the wounds caused by

large (> 4 mm) ballistics and their effects on the eye, with particular attention to

whether there is globe rupture (i.e., one or more particles penetrating through the

entire thickness of the cornea).

There exists no literature on the effects specific to each layer of the cornea such

as the stroma and epithelium of the cornea. Using animal tissue ex vivo (guinea

pig), two relevant studies investigate wind-borne onion particles and soil particles

relevant to harvesting and found that for particle diameter approximately 25.9±1.75

µm, the threshold wind speed for injury was 7 m/s.1 When eyes were exposed to

particles of a specific size (20–500 µm and 1.5 mm and 3.0 mm), they were ex-

amined via slit-lamp microscopy with 2% w/v fluorescein solution and graded for

corneal injury. They found that particle size is a stronger determinant of corneal

injuries than wind speed; larger onion skin flakes (1.5 mm and 3.0 mm) produced

higher rates of corneal injuries due to Bowman’s layer injury and smaller particles

(up to 500 µm) had a 3% rate of severe corneal injury.

This presents an opportunity for us to use our delivery device to deliver therapeutic

particles into the cornea. Small particles below 100 µm are of particular importance

because they are less likely to cause severe corneal injuries and previous studies in

keratoconus demonstrated relatively few particles in the stromal layer were required

for clinical response. If the particles remain in the stroma for long period of time,

it may even serve as a drug depot that slowly releases drug over time.

The current state of technology on these delivery devices of particles to the cornea

include both devices from Bio-Rad, the Helios gene gun and the PDS-1000. Our
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group has done work with the PDS-1000,7 and while it does offer delivery of high-

speed particles, it also requires the target to be placed in a vacuum chamber. Bauer,8

for example, has used the Helios gene gun to deliver 1 µm gold particles into the

epithelium and the anterior portions of the stroma. The Helios gene gun also uses

upwards of 700 psi of helium gas to propel particles into the tissue, none of which

is fully diverted away. A significant portion of that exit gas will impact the target

and cause some damage.

Although particles successfully reach the epithelium with both the PDS-10007 and

the Helios gene gun,9,10,11 both show that the stroma is incredibly difficult to pene-

trate with significant depth. There exists a dramatic difference in penetration depths

achieved in corneal tissue as compared to gels such as agarose. The majority of the

particles delivered to the cornea was found either in the epithelium or near the ante-

rior portion of the stroma. This may be due to the inherent properties of the cornea

that is unknown so far.

Recall from Chapter 1, the cornea presents several barriers to entry, including the

inherent properties of the epithelium and the stroma. On the anterior side of the

epithelium exists the aqueous tear film, with a volume around 7–10 µL. Underneath

the tear film but on the surface of the epithelium, are cell surface mucins, which

prevent pathogens from adhering to the cornea12,13,14,15. This mucin layer is con-

sidered as a restrictive barrier16 for entry for topically applied drugs, though it is

unclear by what method. In a parallel context, trans-mucosal delivery are prevented

by the mucus layer acting as a filter.

Given the challenges that exist, we hypothesized that the limiting factor in deliver-

ing particles to the cornea is actually the cornea itself. Although PDS-1000 might

offer higher penetration due to increasing particle velocities, the tradeoff to reach

such velocities, such as vacuum chamber, exit gas damage, may not even matter to
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Figure 3.1: Soda lime glass particles (ρp = 2.85 g/cm3) embedded into porcine
corneal tissue using the Bio-Rad PDS-1000. Reprinted from Laccetti.

Figure 3.2: Tungsten particles (ρp = 19.3 g/cm3) embedded into porcine corneal
tissue using the Bio-Rad PDS-1000. Reprinted from Laccetti.

just enter the cornea, as the ultimate penetration is limited by the material itself.

Thus, there is reason to believe that our device can successfully deliver particles to

similar depths within the cornea while providing the clinical advantages such as no

exit gas flow, use in ambient air, etc.

3.2 Materials and methods

Particle delivery into corneal tissue

Based on our testing with our delivery device in the previous chapter for soda lime

glass and tungsten particles in agarose, experiments were done with porcine eyes

to evaluate the penetration depths in corneal tissue. Similar to previous work, car-
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tridges were prepared with both soda lime glass and tungsten particles. Each car-

tridge was prepared with 0.5 µL of 1% w/w soda lime glass particles in ethanol or

1.0 µL of 1% w/w tungsten particles in ethanol. These cartridges were allowed to

dry overnight before using. Unless otherwise noted, all deliveries with our device

was with –10 psi (–69 kPa) of vacuum.

Preparation of porcine tissue

Sierra for Medical Science supplied porcine eyes from 3–4 month old swine. Ex-

cess fat and connective tissue were trimmed off the globes. Eyes were disinfected

and stored in tissue culture medium (DMEM/F-12 with 2.5 mM L-glutamine, 120

µg/mL Penicillin, 200 µg/mL Streptomycin sulfate and 5 µg/mL Amphotericin B)

for up to 48 hours at 4ºC. The eyes selected are all clear and free of any visible signs

of edema.

Epithelial integrity assays

The effect of particle entry into the cornea on its epithelial integrity was examined

by looking for the entry of fluorescein stain into the cornea. 2% w/v fluorescein

stain was applied immediately after delivery and visualized with blue light to doc-

ument whether the cornea stains, indicating epithelial failure.

Tissue imaging and particle counting

Immediately after particle delivery, corneas were imaged with optical coherence

tomography using a Ganymede 210 Series Spectral Domain OCT imaging System

with an OCTP-900 scanner and 8 m later resolution scan lens (Thorlabs, Newton,

NJ). Three-dimensional images with pixel sizes of 2.03 µm (x) by 2.03 µm (y)

by 2.03 µm (z) were acquired using the medium speed, medium sensitivity of 15

kHz A-scan rate or the low-speed, high sensitivity of 5.5 kHz A-scan rate. Images

were exported as a three-dimensional stack of XZ slices. Unlike the previous work
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with agarose gels, images were processed in Imaris. Since images of the cornea

produced a very intense signal, it prevented thresholding to allow for the capture

of the particles of interest — signal from the surface would overwhelm the actual

particles embedded in the tissue. The “count spots” feature in Imaris was used

to identify the surface and the particles. Custom Python code was then used to

determine a quadratic fit for the surface of the cornea given the points on the surface.

The normal distance from each point to the surface was then determined.

3.3 Results and discussion

Optical coherence tomography images of soda lime glass particles in porcine corneal

tissue are shown in Figure 3.3. Most particles on each sample was found on the sur-

face of the cornea. Due to the signal of the OCT from the surface and the particles

on the surface, we were unable to determine the exact number of particles that de-

posit on the surface. However, for soda lime particles with density of 2.85 g/cm3,

we find that all the particles that successfully penetrate the surface fully embed

within the epithelium. Each sample shows a range of particles that embed within

an approximately 500 micron by 500 micron window in the epithelium.

Due to software limitations with Imaris, we were unable to determine the size of

the particle, we could only manually determine the size of the particle using FIJI.

OCT images however, show that particles that embed within the cornea were on

the larger size (approx. 15 to 20 microns). Smaller particles, similar to the gel,

were found closer to the surface. Occasionally, there are smaller particles found

at some depth within the epithelium and just like in the agarose gel, we believe

that smaller particles cluster with larger particles in flight, and only break apart into

separate particles upon impact into the tissue. As with our studies in the agarose

gels, smaller particles carry less penetrating power than larger particles, and they

also lose their velocity much quicker in stagnant air than larger particles.
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Table 3.1: Statistics for penetration into cornea

Particle type Density
(g/cm3

Average
particle size

Average
number of
particles

Soda lime glass 2.85 18.0 ± 7.4 14.7 ± 4.6
Tungsten 19.3 15.5 ± 5.5 18.0 ± 7.3

One thing to note is that we found much fewer particles that were embedded in the

cornea than in the agarose gel. Two reasons may explain this. First, based on our

prior knowledge, we expected and saw significant numbers of particles embedded

on the cornea surface. The cornea surface reduces much of the particle’s penetrating

power as compared to the gel. Then, they are imaged along with the cornea surface

and we were unable to discern them from the surface. If future improvements in

image processing allows us to separate the high signal caused by the anterior cornea

surface from the particles that are on it, we would then be able to determine the

accurate fraction of particles that actually enter into the epithelium.

Optical coherence tomography images of tungsten particles in porcine corneal tis-

sue are shown in Figure 3.6. We found a distribution of sizes of particles within

both the epithelium and the stroma (Table 3.1).

Connecting back to the work done in Chapter 2, tungsten particles with higher

densities, carry much more penetrating power than soda lime glass particles would,

even as the sizes decrease, explaining this phenomenon. Similar to the work done

previously in our group with the PDS-1000, our new device, under clinical settings

was able to deliver particles into the stroma and epithelium at much lower inlet

pressures (125 vs 1350 psi, 862 kPa vs 9308 kPa) and with no exit gas impacting

the tissue.

The shape of tungsten particles is not spherical. Although we did not have the

ability to visualize and characterize the shape of the particle and their relationship
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(a)

(b)

(c)

Figure 3.3: Cross sectional view of optical coherence tomography images of sil-
ver coated soda lime glass particles (ρp = 2.85 g/cm3) in excised porcine cornea.
Images represent three separate X-Z cross sections taken from the same sample.
Particles were delivered to the cornea with pi = 125 psi, za = 10 mm, with 3 orifices
of 200 µm.
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Figure 3.4: Two-dimensional reconstructions of soda lime particles within porcine
cornea (ρp = 2.85 g/cm3) in excised porcine cornea. Images represent three separate
X-Z cross sections taken from the same sample. Particles were delivered to the
cornea with pi = 125 psi, za = 10 mm, with 3 orifices of 200 µm.

to penetration, we hypothesize that a particle that might have a sharper end may

penetrate deeper into the tissue.

Particle delivery leaves little damage to the cornea

When we applied fluorescein staining and examined the areas where particles were

delivered, only at large orifices (e.g., 400 µm) where there was a significant number

of particles did we see any significant stanining of the epithelium. Even then, the

cornea exhibited the ability to regain its epithelial function after 4 hours.

In delivery with 200 µm orifice discs where there is no exit gas and relatively few

particles delivered, when stained with fluorescein, the areas of particles displayed

almost no staining. In Figure 3.7, the blue box represents the area where tungsten

particles are delivered and the area in red represents where a deliberate wound was

created with a 20 gauge needle. Representative OCT images are shown. In the

needle wound, OCT images reveal a visible defect in the anterior epithelial surface,

whereas in the area with particles, the epithelium remains intact.
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(a)

(b)

(c)

(d)

Figure 3.5: Cross sectional view of optical coherence tomography images of tung-
sten particles (ρp = 19.3 g/cm3) in excised porcine cornea. Images represent three
separate X-Z cross sections taken from the same sample. Particles were delivered to
the cornea with pi = 150 psi, za = 10 mm, with 3 orifice discs with 300 µm diameter
orifice.
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Figure 3.6: Cross sectional view of optical coherence tomography images of tung-
sten particles (ρp = 19.3 g/cm3) in excised porcine cornea. Images represent three
separate X-Z cross sections taken from the same sample. Particles were delivered to
the cornea with pi = 150 psi, za = 10 mm, with 3 orifice discs with 300 µm diameter
orifice.
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Figure 3.7: A comparison of fluorescein staining on microparticle delivery and
deliberate needle wounds in ex vivo cornea. The blue square represents an area
where microparticles were delivered. The red square represents an area where a 20
gauge needle was applied to deliberately cause an eptheilial defect. OCT images
are shown on the right for both scenarios. Note, no defects were visible in OCT for
particle delivery, while it was readily apparent for the needle wound.

Examinations of OCT images were done to examine for epithelial defects. Of the

numerous samples examined, we could only locate one example where the OCT

revealed a visible epithelial defect (Figure 3.8). As seen in Figure 3.8a the diameter

of the defect roughly matches the diameter of the particle that came to rest below it

(∼ 15 µm).

OCT images were taken at 5 minute intervals until the defect was no longer visible.

At 10 minutes, (Figure 3.8b), the size of the defect has reduced in size by roughly

50%. By 30 minutes, the anterior surface of the epithelium appeared continuous

and intact (Figure 3.8c). Fluorescein staining was done following 60 minutes of

initial particle delivery, and no noticeable staining could be detected on the surface

of the cornea. Thus, even in the rare cases that the particle causes damage to the

surface of the epithelium, the epithelium’s natural properties closes itself within a

short period of time and regains its barrier function to the outside environment.

The effect of vacuum on exit gas damage and radial distribution of particle

delivery

In studies where the orifice diameter in our orifice discs in the GDU was enlarged to

400 µm, we visualized the soda lime glass particles delivered to the cornea at inlet
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(a) 0 minutes after particle delivery

(b) 10 minutes after particle delivery

(c) 30 minutes after particle delivery

Figure 3.8: Cross sectional view of optical coherence tomography images of tung-
sten particles (ρp = 19.3 g/cm3) in excised porcine cornea. Images represent three
separate X-Z cross sections taken from the same sample. Particles were delivered to
the cornea with pi = 150 psi, za = 10 mm, with 3 orifice discs with 300 µm diameter
orifice.
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Figure 3.9: Photographs showing the effect of vacuum on the delivery of micropar-
ticles into the corneal tissue. Soda lime glass particles ρp = 2.85 g/cm3 were de-
livered into the cornea using the following parameters: inlet pressure, pi = 125 psi,
standoff distance, za = 10 mm, three orifice discs of with orifice diameter of 400
µm.

pressure of 125 psi. Particles were readily visible on the cornea (Figure 3.9). In

this particular study, we did not use vacuum to divert the exit gas and examined the

damage due to the exit gas. The distribution of particles was wider and when stained

with fluorescein, produced a larger fluorescence, indicating a greater disruption of

the epithelium.

3.4 Conclusion

The studies in this chapter examined the performance of our drug delivery device

into ex vivo corneal tissue. Previous work into the cornea either used the Helios

gene gun (some exit gas) or were done with the PDS-1000 (in vacuum chamber).
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Our work here centers around a device that produces zero exit gas and works in

ambient pressure.

Even work with the Helios gene gun delivered 1 micron gold particles into the

cornea. Using our device, we showed the ability to deliver particles (up to 20 mi-

crons) into the epithelium and stroma. An increase of density from soda lime glass

particles (ρp = 2.85 g/cm3) to tungsten particles (ρp = 19.3 g/cm3) allowed particles

to successfully enter the stroma, due to them having more penetrating power.

These studies into the cornea also proved that these micron sized particles do not

cause damage to the cornea. Most of the particles that entered into the cornea

did not cause any staining in the epithelium. Inspection of the OCT revealed no

discernible tracks left behind in the particle except in a very select few instances.

Even in those cases where visible epithelial wounds were detected, we were able to

see the cornea close the opening within 30 minutes.

It is interesting that the cornea presents such a challenge for particles to enter. Our

device could be tuned to deliver particles into other living materials such as skin.

Clinically, however, it might be important to know the long-term prognosis of the

particles that enter. This chapter delves into the performance of our innovative

drug delivery device in delivering particles into ex vivo corneal tissue, marking

a significant advancement over traditional methods like the Helios gene gun and

PDS-1000 systems. Our device uniquely operates without exit gas and functions

effectively at ambient pressure, a notable deviation from existing approaches.

Contrasting with the Helios gene gun, which delivered 1-micron gold particles into

the cornea, our device successfully introduced larger particles (up to 20 microns)

into the epithelium and stroma. This was achieved by varying particle density, with

a transition from soda lime glass (ρp = 2.85 g/cm3) to denser tungsten particles (ρp

= 19.3 g/cm3), enhancing penetration capabilities.
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Crucially, our studies confirmed the non-damaging nature of these micron-sized

particles to corneal tissues. Most particles caused no staining in the epithelium, and

Optical Coherence Tomography (OCT) inspections typically revealed no residual

tracks. Notably, even in rare instances of visible epithelial wounds, rapid healing

was observed within 30 minutes.

The resistance of the cornea to particle penetration underscores the potential of

our device in other biomedical applications, like skin delivery systems. However,

understanding the long-term implications of particle presence in tissues remains a

vital aspect for future clinical applications, warranting further investigation.

3.5 Supplemental information
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Figure 3.10: A comparison of penetration depths achieved by soda lime glass vs
tungsten particles in ex vivo porcine cornea. Points represent the depth of one par-
ticle within a pooled set of n = 3 samples of each particle material. Dashed line
represents the average epithelium thickness of 70 µm. *** = p < 0.0001
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Figure 3.11: Penetration depths of tungsten particles in ex vivo corneas. 11 repli-
cates are shown. Dashed line represents the average epithelium thickness. Tungsten
particles consistently enter the stroma.
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