
ABSTRACT 

DISANTO, ROCCO. Dissolvable Polymeric Microneedles for Insulin Delivery. (Under the 

direction of Dr. Zhen Gu). 

 

Introduction: 

Microneedles are needles that are typically less than one millimeter in length. Arrays of 

microneedles are small enough to be inserted into the body painlessly because they are only 

capable of penetrating the superficial dermal layers of the skin; thus leaving the underlying 

nerve cells unstimulated and undamaged. The reported microneedles are made of polymers 

which dissolve in situ; and as the polymers dissolve, they release their encapsulated drug 

payloads into cells or surrounding interstitial fluid. Microneedles represent an attractive 

alternative to hypodermic needles for many types of drug administration, as their use is 

painless and eliminates dangerous needle waste. 

 

People with diabetes must regularly check their blood sugar levels and periodically inject 

insulin in order to maintain normoglycemia. The damaging health complications associated 

with hyperglycemia include blurred vision, fatigue, and cardiac damage. Insulin is generally 

self-administered via subcutaneous injection, which is a routine and painful chore for 

diabetics. 

 

Objectives: 

The objective of this research is to develop insulin containing dissolvable polymer 

microneedles that can replace frequent and painful insulin injections. 

 



 

Methods: 

Master arrays of microneedles were initially fabricated via an SU-8 photolithography 

process, and negative molds of these needle arrays were formed by casting the arrays in 

silicone rubber (PDMS). The negative PDMS molds were subsequently used to form 

additional arrays of dissolving polymer microneedles by desiccating a solution of hyaluronic 

acid (HA) and human insulin or glucose-responsive insulin-containing nanoparticles into 

them. The resulting needles underwent microscopic analysis, and their drug delivery efficacy 

was assessed via a mouse model. 

 

Key findings/conclusions to date: 

The needle arrays show suitable geometry and mechanical strength for skin insertion. The 

needles are also capable of releasing their drug cargo in aqueous environments. Current 

studies have demonstrated that the insulin containing dissolvable polymeric microneedles are 

capable of reducing blood glucose concentrations of Streptozotocin (STZ)-induced type 1 

diabetic mice (C57BL/6J).   
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Chapter 1: Diabetes Introduction 

 

1.1 Diabetes Physiology 

In a healthy individual, blood glucose concentration is regulated by the Islet of Langerhans 

cells within the pancreas (24).  Islet cells in the pancreas exist in alpha and beta forms, which 

secrete the hormones glucagon and insulin, respectively (25).  Insulin causes glucose within 

the blood to be absorbed by cells throughout the body, while Glucagon stimulates the liver to 

secrete glucose into the blood (25).  Together, these two antagonistic hormones work 

together to maintain blood glucose levels within a physiologically healthy range (in humans: 

4.4 to 6.1 mmol/L or 79.2 to 110 mg/dL) (26).  Abnormally high and low blood glucose 

concentrations are referred to as hyper- and hypo- glycemia.  Diabetes mellitus is a metabolic 

disease characterized by poor regulation of blood glucose concentration (6).   

 

 

Figure 1.1 Blood Glucose Homeostasis (24) 
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Type 1 diabetes, also known as juvenile diabetes, is triggered by autoimmune destruction of 

the beta islet cells, thereby preventing insulin secretion.  If insulin is not secreted, regulated 

control of blood glucose levels does not occur because the cells are not stimulated to uptake 

the glucose present in the blood.  To treat this, Type 1 diabetics regularly test their blood 

glucose level and periodically inject insulin in order to reduce elevated glucose levels. 

 

Type 2 diabetes is characterized by a resistance of cells to insulin (25).  In this case, an 

elevated amount of insulin is required for cells to uptake glucose.  In Type 2 diabetes, the 

pancreas often increases its insulin secretions in order to reduce the blood glucose 

concentration, and while this is effective for reducing blood glucose levels in the short term, 

long term exposure to elevated insulin concentration further exacerbates the cell’s resistance 

and tolerance to insulin (25).  In advanced Type 2 diabetes cases, blood glucose monitoring 

and periodic insulin are required, as in Type 1 diabetics. 

 

Both types of diabetes are associated with a number of significant health consequences.  

First, polyuria occurs during hyperglycemia when the excess glucose is removed from the 

blood by the kidney and excreted as urine (25).  Because osmotic equilibrium is maintained 

by the kidneys, the presence of glucose in the urine causes excess water to be absorbed, 

leading to significant water loss.  This causes large volumes of urine to be excreted, and 

causes dehydration and excessive thirst (25). 
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Additionally, the cell’s inability to absorb the glucose present in the blood causes alternative 

sources of nutrients to be mobilized to supply nutrients to the cells, which include the body’s 

fatty acids (25).  By elevating the concentration of fatty acids in the blood, a decrease in 

blood pH occurs, which is known as ketoacidosis (25).  Ketoacidosis is a dangerous and 

potentially fatal condition, as it can disrupt heart activity and oxygen transport, eventually 

leading to death (25).   

 

Both hyper- and hypo- glycemia can lead to unconsciousness; hypoglycemia leads to 

unconsciousness via starvation of the cells, while extreme hyperglycemia can cause severe 

ketoacidosis, which can lead to unconsciousness (25).  Another symptom of diabetes is 

excessive hunger, because the cells are “starving” despite an ample supply of glucose in the 

bloodstream (25). 

 

The chronic complications from diabetes include damage to the eyes, kidney, heart, blood 

vessels, nervous tissue, immune system, and an increased susceptibility to cognitive diseases 

and foot infections (6, 30).  These complications primarily arise as a consequence of 

chronically elevated blood glucose levels.  Additional complications include the possibility 

of amputation, resulting from frequent and difficult-to-treat infections of the extremities 

including the feet (30).  Additionally, as a result of hemorrhage related to capillary fragility 

of small blood vessels within the eye, partial or complete blindness can occur in diabetic 
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individuals (known as diabetic retinopathy) (27).  Diabetes is the leading cause of new cases 

of blindness in the developed world (27).   

 

A mitigating factor for the complications associated with diabetes is careful regulation of 

blood glucose concentration, but this requires the patient to frequently check their blood 

glucose level and periodically inject insulin.  The pain associated with frequent insulin 

injections is uncomfortable for the patient, and decreases patient compliance (6).   

 

 

Figure 1.2 Possible Delivery Routes for Insulin (6) 

 

Alternatives to injections for insulin administration have been researched, but face many 

challenges.  A number of possible insulin delivery pathways can be seen in Figure 1.1.  Oral 

administration of insulin faces many physiological barriers, such as enzymatic degradation in 
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the stomach and the drastic variability in pH through the digestive tract, both of which are 

capable of breaking down the insulin molecule (6).  Nasal and Pulmonary insulin delivery 

has been investigated, but suffers from physical barriers such as penetrating the mucous 

membrane and the underlying epithelial cells, in addition to enzymatic degradation and rapid 

clearance by exhalation (6).  Currently, virtually all clinical insulin administration occurs via 

subcutaneous injection (6). 

 

Recently, micro- and nano- scale insulin encapsulation schemes have been investigated for 

the delivery of insulin (6).  Typically, these systems encapsulate insulin within a carrier 

structure, which serves several purposes (6).  First, these carriers can protect the insulin from 

environmental degradation (for example, preventing degradation by enzymatic activity or 

pH); they can also increase the uptake of insulin by facilitating transportation across barriers 

such as skin, mucosa, and epithelial barriers (6).  Additionally, these carriers can release the 

insulin in a stimuli responsive manner through a variety of triggers, including glucose-

responsive insulin release (6).  These carriers can be tailored during fabrication to exhibit a 

wide variety of chemical and physical properties (6). 

 

Patient treatment could be increased by reducing the pain associated with insulin 

administration, and could lead to improved short and long term health benefits for the patient 

(6).  Therefore, we have sought to develop an improved method of transcutaneous insulin 
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administration which is less painful than insulin injections while remaining effective for 

delivering insulin to the bloodstream. 

 

1.2 Diabetes Prevalence 

In the Unites States, diabetes affects 25.8 million people, or 8.3% of the population, and an 

estimated 382 million people have type 1 or 2 diabetes worldwide (6, 31).  This number is 

expected to grow to 592 million by 2035, and this increase in prevalence is believed to result 

from a decrease in exercise and diet quality (6, 31).  High fasting blood sugar was 

responsible for the death of 3.4 million people in 2004, and diabetes is expected to become 

the seventh leading cause of death by the year 2030 (31).  Furthermore, diabetes is a leading 

cause of blindness, amputation, and kidney failure around the world (31).   
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Chapter 2: Fabrication and Characterization of Microneedle Molds 

 

2.1 Introduction to Microneedles 

The term “microneedle” generally refers to microscale structures capable of penetrating skin.  

Microneedles are commonly conical in shape, but may also be pyramidal, triangular, or a 

plurality of other geometries.  They are typically hundreds of micrometers in height, and tens 

to hundreds of micrometers in diameter at the base, and are fabricated by a variety of 

methods.  Microneedles have been fabricated from a variety of materials, including metals 

and polymers.  Importantly, the pain caused by needle sticks has been found to be 

proportional to needle size, and as a result of their small size, the use of microneedles has 

been demonstrated to be virtually painless (2, 3). 

 

This research has focused on microneedles made of water soluble polymers, which are 

capable of dissolving within the dermal layer of the skin.  Microneedles which dissolve in 

this layer of the skin have a number of advantages, including the elimination of ‘sharps’ 

waste generated by traditional hypodermic needles, safety and ease of administration, 

eliminating the requirement of trained personnel to administer injections, and the potential 

increase in patient compliance by eliminating needle phobia (1, 4).   
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2.2 Microneedle Physiology  

The outermost layer of the skin, known as the stratum corneum, is a formidable barrier 

between the environment and the body.  It is comprised of keratin and the plasma membrane 

of dead cells, and is typically 10-15 micrometers thick (20-30 cell layers thick) (19, 10).  

Beneath the stratum corneum is the living epidermis, which is 50-100 micrometers thick 

(19), followed by the 1-2 mm thick dermis layer (19).  The stratum corneum and epidermis 

serve as a tight barrier between the deeper, living layers of skin and the external 

environment, and is capable of blocking the all but the smallest molecules from moving 

across its barrier (10, 5).  Recent advances in chemical modification of the skin, 

iontophoresis, and ultrasonic techniques have improved the efficacy of non-invasive 

transdermal drug delivery, but most contemporary transdermal drug delivery schemes are 

limited to lipophilic drugs that are effective at low doses (5). 

 

In contrast, microneedles are capable of penetrating the tough epidermal layer and facilitating 

drug release within the dermis, where the released drugs can be absorbed into the circulatory 

system.  This allows a much wider variety of drugs to be delivered using this method, and 

allows drugs which require relatively high doses for efficacy to be delivered transdermally. 
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Figure 2.1.  Diagram of Human Skin (20). 

 

Among the most appealing advantages of microneedles is the nearly total elimination of pain 

from transdermal injections (2).  Where traditional needle based injections are associated 

with pain and needle phobia, microneedles do not penetrate deeply enough to reach nerve 
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endings.  Therefore, the use of microneedles typically causes little or no pain, a conclusion 

which has been confirmed in at least one study (2).  By reducing the pain associated with 

drug delivery, patient compliance with treatment regimens can be improved (6).  

Furthermore, dissolving microneedles have been proved to be at least as effective, and in 

some cases more effective, than traditional intramuscular injections for vaccine therapeutic 

efficiency (1). 

 

In this research, conical microneedles approximately 1000 micrometers in height and with a 

base diameter of 200 micrometers were fabricated.  To form these microneedles, a water 

soluble polymer and a drug of interest was cast into a mold and later extracted to form drug 

loaded microneedles. 

 

2.3 Microneedle Mold Preparation: Background 

To form the microneedle molds, an etched lens technique was used to form a master 

microneedle structure, which was later cast in polydimethylsiloxane (PDMS) to form a 

master mold in which casting could occur (7).  The formation of the master microneedle 

structure is therefore the template for subsequent microneedle casting.  

 

In this research, the master structure was formed by polymerizing an exceptionally thick film 

of SU-8 2000 Photoresist (Microchem, Inc); a material which polymerizes when exposed to 

Ultraviolet (UV) light.  SU-8 photoresist is commonly deposited as a thin film on a substrate.  
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Subsequently, a photomask is used to restrict the areas which receive UV exposure by 

blocking the UV penetration, except in areas where crosslinking is desired.  After the UV 

exposure-crosslinking step, the unexposed (uncrosslinked) polymer can be dissolved with a 

solvent.  Several steps are involved in SU-8 microfabriaction, including Substrate 

Preparation, Coating, Soft Bake, Exposure, Post Exposure Bake, Developing, and Rinse and 

dry (11).  

 

 

Figure 2.2 Master Fabrication Process. 
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2.4 Micro Lens Technique 

In this research, a glass (SiO2) substrate covered with a thin layer of chrome was used as a 

substrate and photomask to form the master structures (Advance Reproductions Corporation, 

North Andover, MA).  The thin chrome layer deposited on the glass contained microscale 

holes (diameters of 50, 100, 150, and 200 micrometers) which were arranged into arrays of 

100, 256, and 400.  UV light was able to pass through these holes but nowhere else on the 

surface of the glass wafer. 

 

 

Figure 2.3 A. Glass-Chrome Substrate hole dimensions and array sizes B.  Image of Glass-

Chrome Substrate.  

 

If UV light were allowed to pass directly through these holes and polymerize the photoresist, 

cylindrical structures would result on the substrate.  However, by isotropically etching the 

glass exposed by the holes, a concave depression can be formed in the glass which can be 

used as a “micro lens” (7).  This lens can be used to focus the light used for polymerization, 

and thereby form conical structures on the substrate.  Because the index of refraction of glass 



13 

 

 

 

 

is near 1.0, and the index of refraction of the photoresist is approximately 1.5 after the Pre 

Exposure Bake stage, light passing through the glass medium will be focused by such a 

concave lens in the glass substrate (7). 

 

 

Figure 2.4 Light Rays passing through a micro lens, and focusing within SU-8 photoresist 

(7).   

 

In an optimized case, conical needles can be formed using this method.  However, a tendency 

of this method is to form needles which exhibit significant slope at the base of the needle and 

become less sloped towards the tip of the needle, as can be seen in figure 5.  This occurs 

because of the nature of the interaction between the UV light and the micro lens, which can 

be modeled by Snell’s Law: 
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Figure 2.5  Snell’s Law. 

 

 

Figure 2.6  A.  Simulation of light rays passing through a micro lens.  Note that the light rays 

passing through the edges of the lens are reflected to the center.  B.  Computer Simulation of 

light focusing after passing through a micro lens 

  

The concave lenses generated by the acidic etching technique (discussed in section 2.4) can 

be approximated as a spherical dome, or a sphere cut by a plane.  In this case, the width of 

the dome was equal to the diameter of the hole in the chrome layer, and the depth was equal 

to the etched depth of the lens.  A computer program was written to simulate the light’s 
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interaction with this spherical dome by applying Snell’s law (source code in Appendix A).  

This program was used to generate Figure 5, and reveals several properties of this method.   

 

First, as a result of the nature of the lens geometry, no single focal point is reached by the 

rays of light passing through the lens.  Rather, the rays which pass through the lens near the 

edges are reflected by a much greater angle than those closer to the center.  In fact, rays 

passing through the precise center of the lens are not reflected at all, allowing them to 

continue to infinity, while rays along the edges will be reflected into the middle of the 

conical structure.  The effect of this on the fully crosslinked needle geometry is that the 

needles tend to have a thick base which tapers along the length of the needle. Because the 

rays passing through the center of the lens never reach a focal point, it is difficult to achieve 

“sharp tips” on these conical structures.  Often, the rays from the center cause crosslinking of 

the photoresist to occur all the way to the top of the photoresist film.  As a result of this 

effect, it is difficult to form “sharp” needles when starting with large diameter bases (200 

micrometers), but easier to form sharp needles with small diameter bases (50-100 

micrometers), because the lenses exhibit greater curvature when etched from a smaller 

diameter hole.  
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Figure 2.7  Comparison of MNs resulting from:  A. Micro lens of large diameter;  B.  Micro 

lens of small diameter 

 

One of the motivations of creating a computer program to model this phenomenon is to 

develop a “simulator” for the micro lens technique, so a set of process parameters can be 

generated (such as lens depth and initial hole diameter) in order to realize a desired needle 

geometry (height).  Optimizing the geometry of the microneedles is important for 

maximizing the needle’s drug loading capacity while controlling the depth of dermis 

penetration, in order to modulate pain response and drug delivery efficacy. 
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2.5 Micro Lens Etching 

In order to prepare the micro lenses discussed above, the glass substrate was etched by 

adding Buffered Oxide Etchant (BOE) dropwise onto the glass substrate.  The BOE used in 

this research was prepared in a ratio of 1:2:17 of HF:HCl:H2O, respectively (10).  After 

preparing the BOE, it was mixed before use and was directly applied to the hole array 

regions of the chrome covering the glass substrate, and upon application of the BOE, the 

isentropic etching of the glass substrate began.  The BOE solution was removed and replaced 

with new solution at 5 minute intervals in order to maintain a constant etching rate.   

The depth of the etched micro lens was measured using an optical profilometer (Wyko 

NT9100, Veeco, Tucson, AZ, USA), and an etching rate of 0.78 micrometers/minute 

(standard deviation = .49) was established.  

  

 

Figure 2.8  Cross section of Micro Lens etching process. 

 

The profilometer was capable of measuring the distance between the top of the chrome layer 

and the bottom of the etched lens, but it was not able to find a profile of the microlens itself.  

This likely occurs because the light incident to the curved lens would not be reflected back to 

the profilometer’s detector.  Generating such a profile would be useful, however, because it 
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could be used to refine the computer model used to simulate master structure formation.  

Such a profile could be generated by using the profilometer after coating the micro lenses 

with a reflective material. 

 

2.6 Microneedle Mold Preparation: Master Fabrication Process 

SU-8 Photoresist was used to form microneedle master strucutres, which are later cast into a 

PDMS mold in order to facilitate casing of microneedles.  An overview of the master 

fabrication process can be seen in Figure 2.2. 

 

SU-8 microfabrication typically occurs at film thicknesses between 25 and 225 micrometers 

(11), but in order to fabricate microneedles on the order of 1000 micrometers, the prebake, 

exposure, postbake, and development procedures required experimentation to develop an 

optimized process.  Relatively little has been published regarding SU-8 fabrication of films 

on the order of ~1000 micrometers, so custom processes were developed using the available 

publications as a guide (12, 13).   

 

The most challenging aspects of the photoresist fabrication process were the immobilization 

of the SU-8 on the glass substrate, and optimization of the time and temperature parameters 

for each step in the photolithography process.  Additionally, it was noted that slow changes 

in temperature were associated with higher quality structures, particularly during the post 
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exposure bake process (13).  Rapid changes in temperature often led to deformed structures 

(12,13). 

 

2.6.1 Substrate Cleaning 

Substrate cleaning was accomplished by immersing the glass-chrome substrate in piranha 

etch solution (H2SO4:H2O2; 20:3 volumetric ratio) and soaking for 12h.  Subsequently, the 

SiO2-Chrome substrate was removed from the piranha solution and rinsed with DI water.   

Immediately following DI rinse, the substrate was cleaned with the RCA process, by 

immersing the substrate in acetone, isopropanol, and DI water for 10 minutes each.  After 

this, the wafer was dried with compressed nitrogen and placed on a hotplate set to 140 
o
C for 

15 minutes to complete drying before coating with SU-8. 

 

2.6.2 Substrate Coating 

The first step in developing this process was to identify an efficient and repeatable process 

for forming a thick SU-8 film layer over the substrate.  Typically, the film is formed by 

placing SU-8 of a known viscosity onto a substrate and “spin coating”, wherein the wafer is 

spun at a known speed and time to evenly distribute the SU-8 across the wafer via centrifugal 

force to achieve a desired film thickness.  However, with our target film thickness of ~1000 

micrometers, spin coating was not an effective option given that even the highest viscosity 

SU-8 formulation (SU-8 2150) could not be spun coated to this thickness.  Instead, I 

developed an SU-8 2050 casting method, wherein a tape barrier was formed around the wafer 
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and SU-8 2050 was poured onto the wafer.  The thickness of the film was controlled by 

calculating the volume of SU-8 required to be added to achieve a particular thickness by 

using the following formula: 

SU-8 Volume  Length  Width  Film Thickness  1.2     

Length and width refer to that of the SiO2-Chrome substrate.  A factor of 1.2 was included to 

account for the volume change due to solvent evaporation and meniscus formation. 

 

 

Figure 2.9  SU-8 contained over the Glass-Chrome substrate with a tape barrier. 

 

After applying SU-8 to the glass substrate, a vacuum was applied for 15 minutes to ensure 

that the SU-8 completely filled the micro lenses (discussed in section 2.6.2).  This method 

was effective for containing the SU-8 and achieving a uniform film thickness.  Additionally, 

the photoresist’s adhesion to the tape caused a meniscus to form, which was responsible for a 

slight decrease in the film’s thickness. 
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An alternative to this process is possible by directly applying SU-8 2100 to the substrate.  

With this method, thicknesses on the order of 1000 micrometers can be achieved, but the film 

thickness cannot be precisely controlled.  Additionally, it was found that the viscosity of SU-

8 2000 photoresists decreases significantly when heated, which led to undesirable flowing 

and thinning of the SU-8 layer during the Pre Exposure Bake process.  Therefore, this 

method was not used to fabricate microneedle master structures. 

 

2.6.3 Pre Exposure Bake 

The Pre Exposure Bake is intended to partially remove the solvent (cyclopentatnone) from 

the SU-8 2000.  Because the SU-8 hardens during this step, it is also important to ensure that 

the heating surface is level prior to initiating this process so that the film will evenly cover 

the substrate and prevent a “slope” from forming.  In this project, an uncovered hotplate 

(PMC 730 Dataplate) was used to heat the substrate. 

 

The time and temperature settings for this step vary based on the SU-8 film thickness, and 

optimization of this stage was one of the most important with respect to successful needle 

formation.  During this stage enough solvent should be removed to immobilize the SU-8, but 

excessive heating leads to difficulty removing uncrosslinked material during the subsequent 

development stage.   
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For photoresist films of 1200-1500 micrometers, we found that that prebaking on an 

uncovered hotplate at 120C for 12 hours, followed by ramping the temperature from 120C to 

25C at 8C/h yielded acceptable results.  However, it was found that covering the hotplate 

during this procedure caused excessive heating of some samples.  When a covered hotplate 

was used, the prebaked SU-8 could not be removed by SU-8 developer solution during the 

development stage.   

 

2.6.4 Exposure 

The exposure stage of the process was performed by placing the substrate beneath a UV 

exposure system (OAI 150 Exposure Timer, 2105C2 Illumination Controller, and 0130-043-

03 UV Bulb tower, San Jose, CA).  The tape used to contain the SU-8 on the substrate was 

left on and used to support the substrate in an inverted position.  Before exposure, the 

substrate was carefully checked to ensure that it was level, so that the UV exposure occurred 

at an angle normal the substrate plane.  In some cases, the tape was bent to level the 

substrate. 

The exposure dose used for this experiment was nominally 
2

2.8
mJ

cm m
 (12).  Based on the 

OAI exposure system’s calibrated power output of 
2

9.5
mW

cm
, the exposure lasted 622 

seconds. 
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Figure 2.10 Computer Simulation of microlens forming a needle structure 

 

2.6.5 Post Exposure Bake 

Following UV exposure, the sample was allowed to rest for 30 min at room temperature.  

The sample was then heated to facilitate the crosslinking of the SU-8.  Due to the importance 

of avoiding thermal shock of the photoresist, the temperature was ramped to 96
 o
C at a rate of 

3 C/min.  The temperature was then maintained at 96
 o

C
 
for 30 min, then ramped back to 25 

o
C at a rate of 8 

o
C/Hour.  Post bake temperature ramp down of 10 

o
C/Hour or less is 

associated with improved structure quality in high thickness photoresists (13). 

 

2.6.6 Development 

The development stage dissolves the uncrosslinked photoresist, but allows the crosslinked 

structures to remain.  In this research, the substrate with photoresist was immersed in SU-8 
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Developer solution for 5 h.  Development for greater than 5h led to separation of conical 

structures from the substrate. 

 

Additionally, it was found that excessive pre exposure baking could render uncrosslinked 

photoresist undissolvable by the solvent.  It was hypothesized that excessive pre exposure 

baking caused partial crosslinking of the photoresist, as the photoresist could not be removed 

with SU-8 Developer, its native solvent (cyclopentanone), or acetone, even when agitated 

and heated at 65C for 48h. 
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2.7 Results: 

After using optimized processing parameters, suitable SU-8 microneedle master structures 

were fabricated. 

 

 

Figure 2.11  SU-8 Microneedle Master Structures on Glass-Chrome substrate 
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Figure 2.12 SEM image of SU-8 microneedle master structures (initial array hole size of 100 

micrometers) 
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Microneedle structures were formed from each area of the SiO2-Chrome substrate (Figure 2).  

The length of the microneedles (measured from the base to the tip of the needles) ranged 

from 800 um to 1200 um (Determined via SEM data).   

 

2.8 Microneedle Mold Preparation: Mold Fabrication Process 

To fabricate dissolvable polymer microneedles by casting, a master mold containing a 

negative impression of the conical microneedle structures was fabricated.  To fabricate this 

master mold, PDMS (10:1 elastomer to solvent ratio) was poured onto the wafer, and was 

contained by forming a tape barrier around the edges of the glass substrate containing the 

master microneedles.  The substrate and PDMS was then heated on an uncovered hotplate at 

110C for 35 minutes to cure the PDMS.  Following curing, the PDMS was peeled off the 

glass substrate.  Due to the adhesion of the SU-8 structures to the PDMS, most of the conical 

structures fractured during removal, separating from the glass substrate and remaining within 

the mold.   

 

 

Figure 2.13  A.  Cured PDMS mold, attached to Glass–Chrome substrate  B.  PDMS mold 

after removal from substrate 
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In order to remove the PDMS mold without fracturing the master structures, an extraction 

scheme was tested.  The principle of this scheme was that if the force used to separate the 

PDMS from the substrate is completely normal to the substrate plane, no transverse load will 

be applied to the master structures, and no fracturing will occur.  To test this scheme, a 

circular metal plate (1.5 in diameter) was suspended over the needle structures before PDMS 

was applied.  The metal plate was suspended at the bottom of an eyelet screw and held in 

place by a nut.  A sufficient volume of PDMS was then applied to embed the washer within 

the mold.  After curing the PDMS, the glass substrate was immobilized on a table, and a 

lifting force normal to the substrate plane was applied by a press, which was connected to the 

eyelet screw.  It was hypothesized that this configuration would be capable of lifting the 

mold off the substrate by applying force in only one axis, but the strong adhesion of the 

PDMS to the glass caused the glass to fracture before the PDMS was separated. 

Instead, it was accepted that a majority of the master structures would be destroyed by the 

peeling removal method, and the structures which remained within the mold were extracted 

with forceps. 

 

After fabricating negative microneedle molds, it was found that “copying” the molds was 

possible.  First, microneedles were fabricated within the molds as described in section 3.2.2.  

These microneedle arrays were then placed on a microscope slide, and immobilized by 

thoroughly taping the outside edges of the microneedle arrays with kapton tape.  A tape 

barrier was then applied to the microscope slide, and PDMS was applied to create a new 
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mold.  After curing the PDMS (110C for 35 minutes), it was carefully peeled off the slide 

containing the polymer microneedles.  In this case, the microneedles did not fracture.  It is 

expected that fracturing did not occur because the dissolvable polymer microneedles are less 

brittle than the crosslinked SU-8 master structures.  Because the microneedles did not 

fracture, it was possible to repeatedly use the slide to make several copies of a single array of 

microneedles.  Up to 7 copies were fabricated using this method without replacing the 

microneedle arrays on the slide. 

 

2.9 Fiber Optic Microneedles 

After observing the ability of hydrofluoric acid (HF) to isotropically etch the glass substrate 

to form micro lenses, it was hypothesized that HF could be used to isotropically etch a 

telecommunications optical fiber into a needle like fiber.  Such a fiber could be used as a 

microneedle itself, offering the possibility of efficiently transmitting light across the skin, 

perhaps to a specific target within an organism.  Such fibers could also be coated with a light 

sensitive material, enabling the detection of in vivo parameters, or triggering the release of a 

drug based on the presence of light. 

 

To test whether optical fibers could be etched by this method, strands of optical fibers (glass 

fiber diameter:  125 micrometers) were obtained (Corning Inc, Hickory, NC, USA).  The 

polymer jacketing was stripped from the optical fibers, and fibers were immersed in 

concentrated Hydroflouric Acid (HF) and BOE for 18 minutes.  After removal, significant 
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“necking” of fibers placed in the HF solution was observed, while minimal necking was 

observed on the fiber treated with BOE (Figure 13). 

 

Subsequently, glass fibers were immersed in the HA solution for 40 minutes.  Following 

microscope analysis, it was revealed that the immersed portion of the glass fiber had 

completely dissolved, and the end of the remaining fiber had been sharpened to an extremely 

fine point; the tip radius of curvature was <3 um (measured via optical microscopy). 

 

 

Figure 2.14 Optical microscope images of optical fibers after HF etching  A. “Necking” of 

optical fiber.  B.  Sharp tip of optical fiber microneedle. 

  

It was concluded that the “necking” or sharpening of the fiber could be used to easily convert 

common optical fiber into optical microneedles.  Furthermore, it may be possible to fabricate 

molds for producing arrays of microneedles by aligning many optical fibers and casting their 

etched tips within PDMS.  Uniform spacing between the needles could be achieved by using 

the polymer jacket of each fiber a spacer between it and the adjacent fibers. 
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Chapter 3: Fabrication and Characterization of Dissolvable Polymeric Microneedles 

 

After preparing microneedle molds, we explored several possible structural materials with 

which to construct the dissolvable polymer microneedles.  We intended to use a structural 

material to form the structure microneedles and provide them with their shape and strength, 

while a drug could be loaded into the structure and be released upon the structure’s 

dissolution within the skin.  To investigate this, we explored two alternatives: A polymer 

crosslinked by a UV light trigger, and polymerized Hyaluronic Acid desiccation from an 

aqueous solution. 

 

3.1  Polymers for Microneedle Fabrication: Hyaluronic Acid (HA) 

Hyaluronic Acid (also known as Hyaluronan) is a polysaccharide, comprised of a repeating 

disaccharide monomer (15, 17).  It is a member of a class of polysaccharides known as 

Glycosaminoglycans, which are polar and highly miscible in water (15).  In the human body, 

HA is a significant component of the extracellular matrix, and increases the viscosity and 

lubricating ability of fluids within the body (16, 17).  It is primarily found in the skin and 

connective tissues, and is also a major component of synovial fluid (17).  Typically, a 70kg 

human has about 15g of HA, 5g of which is replaced each day (14). 
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Figure 3.1 Hyaluronic Acid Structure (21) 

  

HA is highly biocompatible, and has been approved by the FDA for injection for soft tissue 

augmentation (18).  Furthermore, HA can retain significant strength when molded via 

desiccation of a HA solution, and therefore is useful a material for microneedle fabrication.  

However, a significant obstacle to the use of HA solutions for forming microneedles is the 

difficulty of removing air bubbles from the solution during needle formation.  This is 

discussed more thoroughly in section 3.3.1.  Additionally, HA is highly hydroscopic, and 

loses significant strength as it collects water.  Therefore, the HA microneedles must be kept 

inside a desiccator until immediately before use.  A needle array’s hygroscopicity was 

evaluated by removing it from a desiccator (after having been desiccated for 8 days) and 

placed in ambient conditions (22 C, ~50% relative humidity), while measuring its mass at 

regular intervals.  Mass increases of 1.6% and 9.9% were found after exposure to ambient 

conditions for 60 min and 1252 min (~21h) respectively (full data available in Appendix D). 
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3.2 Dissolvable Polymer Microneedle Fabrication: Hyaluronic Acid 

 

3.2.1 High Temperature Microneedle Formation 

Initially, HA microneedles were prepared by a high temperature desiccation process.  To 

prepare the microneedles, a tape barrier was formed around a PDMS mold, and 28g of an 

aqueous HA solution (4wt% HA in H2O) was poured onto the mold.  The mold containing 

the HA solution was then placed in a vacuum for 15 minutes to allow the HA solution to flow 

into the air filled microneedle cavities on the mold.  Following this, the mold + HA solution 

was then placed in an oven at 80C for 14h to desiccate the HA solution.  After desiccation 

had completed, the microneedle arrays were carefully removed from the mold and placed in a 

vacuum desiccator for storage for up to 30 days. 

 

This method of heated desiccation was effective for forming the microneedles, and 

significantly mitigated the air bubble formation problems characteristic of subsequent 

methods.  However, this method is not suitable for fabricating drug loaded microneedles, as 

the high temperatures are capable of denaturing drugs of interest, such as insulin.  Therefore, 

a low temperature method to form the dissolvable polymer microneedles was developed to 

replace this method. 
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3.2.2 Low Temperature Formation 

A low temperature method for fabricating polymer microneedles was developed based on 

vacuum desiccation of HA solution.  To clean and prepare the PDMS molds for this 

microfabrication, each mold was soaked in DI water for at least 3 hours in order to dissolve 

any remaining HA from previous casting cycles.  The molds are then removed and dried by 

heating at 40 
o
C for 4h. 

 

After cleaning, a tape barrier was formed around the mold to contain the HA polymer 

solution.  The tape is pressed firmly into the edges of the mold, to prevent channels and 

spaces from developing which can expand during the vacuum stage.  Such voids can expand 

during the time when vacuum is applied, leading to air bubble formation within the HA 

solution. 

 

Following tape barrier construction, the HA polymer solution was poured onto the mold, and 

the mold with the HA solution was placed into a vacuum desiccator.  At this stage, air bubble 

removal proceeded via the steps found in section 3.3.1.  Following air bubble removal, the 

HA solution is vacuum desiccated for at least 48 hours to facilitate dehydration. 
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Figure 3.2  PDMS mold with tape barrier, containing HA solution 

  

After the first layer of polymer solution (typically a solution containing both HA and a 

loaded drug) has been desiccated, a second layer of HA solution is applied in order to 

provide additional strength to the needle backing.  The need for this additional strength is 

discussed in section (3.6.1).  This layer is degassed in a similar way to the first layer and is 

desiccated for a minimum of 48 hours. 

 

Following the complete desiccation of both HA solution layers, the HA microneedles are 

removed from the mold.  To facilitate this, the tape is cut and peeled away from the PDMS 

mold, and the HA microneedles are carefully pulled out of the mold.  Care must be taken 

during this step to prevent bending or fracturing the needles. 

 

After removal, the HA microneedles are cut by hand to precisely fit inside the microneedle 

applicator, as discussed in section 3.6.1.  After trimming the needles to fit within the 
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applicator, they remain in the vacuum desiccator for a minimum of 24 hours prior to use, in 

order to remove any water that may have been absorbed by the needle arrays during the 

trimming process. 

 

 

Figure 3.3 A. HA Microneedles after removal from Mold B.  HA microneedle arrays trimmed 

to fit inside microneedle applicator 

 

3.3 Degassing HA Solutions 

A challenge of using HA solutions for microneedle formation is the inherent viscosity of 

such solutions.  As noted above, HA increases the viscosity of solutions within the body (17), 

and solutions of HA in water at concentrations as low as 10wt% can lead to gel-like solutions 

which are extremely viscous, and cannot flow at room temperature.  Furthermore, the 

combination of high viscosity and excellent lubricant properties make solutions of HA 

extremely effective at retaining air bubbles, many of which are introduced during the process 

of preparing the HA solution. 
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The high viscosity of the solution causes degassing solely via a vacuum to be ineffective, as 

the solution is often completely desiccated before all of the bubbles are removed (at >10wt% 

HA in H2O).  Additionally, the viscosity of the solution increases as the temperature 

decreases, and as many bubbles burst under vacuum, the temperature of the solution 

decreases, causing further degassing to become more difficult. 

 

Critically, the presence of air bubbles in the HA microneedles significantly erodes the 

mechanical strength of the microneedle arrays.  Arrays with significant presence of air 

bubbles were not capable of penetrating the skin, due to impaired mechanical strength. 

To address this problem we investigated several approaches, the first of which was to reduce 

the concentration of the HA solution (to 4wt%), and alternate between vacuum and standard 

pressure.  It was believed that reducing the concentration would reduce the viscosity, and the 

alternating in pressure would eventually remove the bubbles.  This approach was somewhat 

effective, but the time and effort required to completely degas the solution was large; >5 15-

minute pressure cycles were incapable of completely degassing HA solution at 

concentrations of 5 wt% or higher. 

 

During this process, it was noted that the solution became cold after each pressure cycle, and 

it was hypothesized that heating and stirring the solution while it was under vacuum would 

be more effective for removing the bubbles.  Unfortunately, heating and mixing devices are 

typically too large to fit inside a vacuum chamber and typically require 110 volt AC power.  
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Recognizing these obstacles, a proof of concept vacuum chamber was constructed by sealing 

a polyurethane bucket with an airtight lid.  The airtight lid was modified to contain a fitting 

through which a vacuum hose could be attached, and a power cable was made to traverse the 

lid.  Gaps between the lid and attachments (vacuum hose attachment and power cable) were 

sealed with PDMS to prevent air from leaking into the chamber.  The lid was sealed to the 

bucket by “snapping” into place, and was sealed by a rubber gasket. 

 

 

Figure 3.4  Degassing chamber 

 

However, after applying a vacuum to the apparatus, the sidewalls of the bucket imploded.  

Upon further calculation, it was found that the pressure on the polyurethane bucket and lid 

are approximately 34,379 and 7,163 Newtons (7,728 and 1,610 Pounds) respectively, due to 
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atmospheric pressure exerting force on the walls of the bucket (Calculations in Appendix B).  

Recognizing the challenges in supporting such a load, the idea was shelved. 

 

Next, experiments were conducted to determine whether alternating between vacuuming the 

solution and placing it on a heated mixer could efficiently degas the solution.  The principal 

of this method was that the vacuum could cause the bubbles to expand and eventually burst, 

and heating the solution could reduce its viscosity.  Meanwhile, agitating could accelerate the 

speed at which the bubbles reached the surface. 

 

This method was significantly more effective than prior methods.  By heating the solution, its 

viscosity was reduced, and efficient degassing could be accomplished by approximately 3 

cycles of heating the solution to 40C for 3 hours, followed by application of vacuum for 3 

hours. 

 

3.3.1 Degassing HA Solutions: Current Methods 

In order to degas the HA solution after application to the microneedle mold, the method of 

alternating heating and vacuuming was implemented.  This process eliminated the new air 

bubbles generated when a vacuum was applied to the mold, such as the air within the 

microneedle mold cavities expanded and entered the solution.  Additionally, vacuuming also 

causes air bubbles in the tape surrounding the PDMS mold to expand and also enter the 

solution. 
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To degas the solution, a vacuum was applied for 3h.  Subsequently, the mold was removed 

from the vacuum and placed on a heated mixer (Eppendorf Thermomixer R) for 3 hours at 

350 rpm and 40 C.  It was then returned to the vacuum dessicator.  If bubbles return after 

vacuum is reapplied, the solution is moved back to the heated mixer, and the process is 

repeated until all bubbles have been removed.  If the viscosity of the solution rises above the 

point where heated mixing and vacuuming are unable to continue to remove air bubbles, the 

remaining bubbles are lanced with a hypodermic needle.  It was also found that bubbles 

within the HA solution will leave the solution over relatively long periods of time; air 

bubbles within 5wt% HA solutions could be removed by allowing the sample to sit for 1 

week.  Therefore, HA solutions were typically prepared 1 week before use, and were stored 

in a refrigerator at 4C. 

 

Centrifugation of the HA solution was also investigated.  It was found that centrifugation at 

1790G for 30 seconds was capable of completely degassing of 5wt% HA solution.  However, 

the maximum vial size for the available centrifuge was 15 mL, and it was therefore not 

possible to degas the solution after it had been applied to the mold when using this method. 
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Chapter 4: In vivo Testing of Dissolvable Polymeric Microneedles 

 

In order to test the drug delivery efficacy of our dissolvable polymer microneedles, we 

conducted in vivo testing with C57BL/6 diabetic mouse models.  Dissolvable HA 

microneedle arrays loaded with insulin were administered to the mice, and a subsequent 

decrease in blood glucose level was observed. 

 

4.1 Polymer microneedles containing Insulin 

To fabricate dissolvable polymer microneedles which contain insulin, an aqueous HA 

solution was prepared and used in the low temperature casting method previously discussed.  

Insulin-containing HA solution was prepared by combining an aqueous solution of 4wt% HA 

with dissolved human recombinant insulin.  Typically, 0.6wt% insulin was added to the 

solution, in order to fabricate microneedle arrays which contained 85% HA and 15% insulin 

by weight following desiccation.  

  

Insulin is poorly soluble in water, and therefore a solution which would improve its 

miscibility in water was desired.  Such a solution was prepared by combining 75 mg of 

human insulin with 750 microliters of 0.1 M Sodium Hydroxide and 450 microliters of 0.1 M 

Hydrochloric acid, and subsequently mixing via a vortex generator.  This preparation of 

insulin yielded insulin a solution which was water soluble, and thus prevented insulin from 

precipitating in the HA solution.  After preparing 2 vials of the insulin solution, the vials 
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were added to 25g of 4wt% HA solution, and thoroughly mixed via a rotator (10 RPM for 

15h; Fisher Sci. Tube Rotator, Catalog No.: 05-450-200). 

 

Insulin can be degraded at elevated temperatures (greater than 40C), so it is important to 

handle and store insulin at or below 40C (6).  Therefore, after the insulin-containing HA 

solution was prepared, it was stored in a refrigerator at 4C. 

 

Fabrication of insulin containing microneedle arrays was performed as described in section 

3.1.  One layer of insulin containing solution was desiccated into the mold, and a second 

layer of HA-only solution was subsequently desiccated in order to form a thick backing 

layer.  It is believed that no dilution of the insulin concentration in the microneedles should 

occur during the addition of subsequent layers of HA solution, because after the first layer of 

HA+Insulin solution has been desiccated into the mold cavities no significant mass flow 

would occur between the mass occupying the cavities and the second layer of HA solution.  

Microneedles produced by this method were extracted from the mold as previously described 

and stored in a vacuum desiccator at 25C for up to 2 weeks before use.  Microscopy images 

of the resulting microneedles can be seen in figure (17).   
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Figure 4.1 A.  Light microscope image of HA microneedles containing insulin.  SEM image 

of HA-insulin microneedles. 

 

4.2  Nanoparticle containing microneedles 

Using a similar method, microneedles containing “smart” nanoparticles were prepared.  

These particles contained insulin, and can release their insulin payload in response to variety 

of triggers.  The most basic nanoparticles released insulin over time, while more 

sophisticated nanoparticles were capable of insulin release in response to the application of 

focused ultrasound (FUS) (22), or in response to elevated glucose levels (glucose responsive) 

(23). 

 

Dissolvable polymer microneedles containing these nanoparticles were prepared in 10wt% 

and 15wt% concentrations.  The resulting needles were suitable for in vivo insertion, and 

electron microscopy images of these microneedles can be seen in figure 18. 



44 

 

 

 

 

 

Figure 4.2  SEM Image of HA microneedles which contain nanoparticles 

 

To our knowledge, no prior published work has combined dissolving polymeric microneedles 

with insulin containing “smart” nanocapsules.  The combined advantages of pain-free 

microneedle administration and “smart” nanocapsules could offer new and significantly 

improved treatment options to type I and advanced type II diabetics.   

 

4.3 In vivo experiments: Procedures 

To prepare mice for microneedle insertion, STZ-induced adult diabetic mice (C57B6 males) 

were randomly selected and anesthetized with 1% isoflurane.  Following anesthetization, the 

hair along the torso was removed, and the exposed skin was cleaned and dried with cotton 

swabs.   
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The hairless skin along the torso was then stretched and held on the operating table to 

facilitate insertion of the microneedle arrays.  The microneedle inserter (discussed in section 

4.5) was then placed on the skin, and the arrays were then pressed into the skin and held in 

place for 5 min.  After 5 min, the inserter was carefully removed and the anesthetization was 

discontinued.  The mouse was then placed in an experimental cage containing no other mice 

for the duration of the experiment.  Following insertion, microneedle patches remained 

firmly implanted within the mouse (see figure 4.3), and no tape or immobilization device was 

necessary to hold the microneedles in place.  However, isolation of the mouse was necessary 

to prevent other mice from disrupting the inserted microneedle patch.  The experimental 

group (n=3) was administered with HA microneedles containing 85% HA and 15% insulin 

by weight.  The control group (n=3) did not receive microneedles containing insulin. 

 

Blood glucose measurements were taken by drawing ~3 microliters of blood from the tail, 

and subsequently measuring the glucose concentration with a Clarity GL2Plus Glucose 

Monitor (VWR, USA).  Glucose measurements were taken ~5 min before microneedle 

insertion, 5 minutes after insertion was completed, and at 10 minute intervals thereafter.  

After 1 hour, glucose measurements were taken at 20 minute intervals.  Three glucose 

measurements were taken at each measurement instance to reduce measurement error and 

provide data for estimating error bounds.   
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After approximately 1 hour, the inserted microneedle arrays dislodged from the mice and 

were collected for microscopic analysis.  It is hypothesized that the needles dislodged after 

sufficient volume of HA dissolved, thereby facilitating the release of the array backing. 

 

4.4 In vivo experiments: Results and Discussion 

 

4.4.1 Microneedle Insertion Results 

In initial in vivo microneedle insertion tests, it was found that the microneedles could 

successfully penetrate the skin of the diabetic mice (Figure 4.3 A).  This was tested by 

attempting to remove the needle arrays after insertion, and via microscopic analysis of the 

removed needle arrays.  As can be seen in Figure 4.3 B, significant force was required to 

remove the microneedles from the skin of the animal.  It is expected that this results from the 

expansion of the HA microneedles as they absorb water and dissolve; this causes the 

microneedles to press firmly into the sidewalls of the cavities they created during insertion, 

causing removal to require significant force. 
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Figure 4.3 A.  Rectangular microneedle array inserted into skin of a mouse.  B. A transverse 

force is applied to HA microneedles inserted into a mouse. 

 

Microscopic analysis of the microneedle arrays extracted from the mice revealed small fiber-

like structures, which were initially thought to be hairs from the mouse.  However, closer 

inspection, it was found that these fibers were regularly located in the positions of the 

microneeldes on the array, and it was discovered that as the needles were removed from the 

mice, the partially dissolved microneedles stretched to form fibers during removal.  Unlike 

hair from the mouse, these fibers were found to be rapidly soluble in water.  It was 

hypothesized that these fibers formed when the partially dissolved HA microneedles were 

removed from the skin.  We hypothesize that they form because the partially dissolved 

microneedles undergo necking as they were withdrawn from the skin, and became fiber-like. 
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Figure 4.4 A.  Light microscope side view of HA microneedle array extracted from mouse; 

note the presence of small fibers.  B.  Single HA microneedle extracted from the skin of a 

mouse. 

 

4.4.2 Insulin Microneedle’s effect on Blood Glucose Level 

During the in vivo microneedle trials, periodic blood glucose measurements were taken to 

assess the change in blood glucose level.  Measurements were taken ~5 min before 

microneedle insertion and at 10 minute intervals for the first 1h and at 20 min intervals 

thereafter.  The results of our in vivo experiments can be seen in Figure 4.5. 
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Figure 4.5 In Vivo Experimental Data 

 

In Figure 4.5, the data has been normalized to the mean of the control group’s blood glucose 

concentration over the duration of the experiment (data in Appendix C).  As can be seen 

above, after administering the insulin loaded HA microneedles to the mice, a decrease in 

blood glucose level was observed in the experimental group compared to the control group 

(no insulin administered) (p-test value = .004 at 45 min).  The most significant decrease in 

blood glucose level occurred 35-55 min after needle insertion.  After the dose of insulin to 

the mouse has been depleted, the blood glucose level begins to rise and return to pre-
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administration levels.  24h after needle insertion, blood glucose levels for the mice returned 

to hyperglycemic levels (greater than 500 mg/dl). 

  

Differences in the results between trials (represented by the error bars in figure 4.5) were 

primarily attributed to unequal numbers of microneedles successfully penetrating the skin of 

the mice.  This variation is expected to be caused by failure of some needles in the array to 

penetrate the skin.  This was assessed by microscopic analysis of needle arrays removed from 

the mice after ~1h. 

 

4.5 In vivo experiments: Needle Fracturing and Microneedle Inserter 

After performing initial skin insertion trials, it became apparent that several properties of the 

HA microneedles must be addressed to facilitate skin insertion.  First, HA microneedles are 

prone to shear rather than penetrate the stratum corneum.  This problem is exacerbated when 

inserting microneedle arrays by hand, as it is difficult to prevent the application of transverse 

force. 

 

Similarly, it was found that microneedle contact angle with the skin is an important factor for 

successful penetration.  If the needle insertion angle varies significantly from an angle 

normal to the insertion plane, the needle is likely to shear before penetrating the skin.  As a 

result, the array substrate, or “backing” of the microneedle array is an important 

consideration, as it maintains the needle alignment during insertion.  If the array substrate is 
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thin, it is possible for the substrate to flex during insertion, causing microneedles to contact 

the skin at an unsuitable angle for insertion.  Inserting by hand commonly leads to uneven 

force being applied to the array backing, thereby causing flexing of the array substrate 

backing. 

 

Dermis

Microneedle Array with Thick Backing
Penetration likely Insertion Force

Microneedle Array with Thin Backing
Penetration unlikely

Epidermis

Dermis

Epidermis

 

Figure 4.6  Needle Penetration Diagram. 

 

Several approaches were considered to mitigate these problems.  First, applying two layers of 

HA during microneedle fabrication was used to increase the strength of the array backing by 

increasing its thickness.  After the two step desiccation process, the substrate thickness was 1 

millimeter; a factor of 5 greater than the width of the base of each microneedle.  The 

presence of this thick backing prevented substrate from excessive flexing during insertion. 

Next, an insertion device which could apply force in a single axis was desired to facilitate 

needle insertion on an axis normal to the skin.  Such a device was fabricated by using a 

micromanipulator, which is capable of precise movements in a single axis.  A laser cut 
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acrylic rectangle (Dimensions: 0.7 cm x 2.9 cm x 20 cm) was used to hold the microneedle 

array in place during insertion. 

 

 

Figure 4.7  Micromanipulator with acrylic rectangle. 

 

This device was capable of single axis motion, but was difficult to implement in the surgical 

environment due to the size of the apparatus.  Instead, a second insertion apparatus was 

fabricated by removing the tip of a syringe, and inserting an acrylic cylinder into the barrel of 

the syringe.  Microneedle arrays were precisely cut to fit the barrel of the syringe, and were 

placed on top of the acrylic cylinder.  The purpose of the acrylic cylinder within the syringe 

was to provide a flat surface to prevent flexation of the microneedle array backing.  The 

acrylic cylinder was laser cut (height = 0.7 cm; radius = 0.6 cm). 
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Figure 4.8  Syringe microneedle inserter 

 

This apparatus was capable of effectively inserting microneedles into the skin.  Additionally, 

by precisely cutting the microneedle array backing to tightly fit within the syringe barrel, 

transverse loading of the needles during insertion could be nearly eliminated by holding the 

syringe inserter firmly in place on the skin before and during insertion. 

 

4.6 Conclusions 

In this research, we have developed dissolving polymeric microneedles which are capable of 

penetrating the skin, dissolving within the skin, and delivering a drug payload to the 

circulatory system.  We proceeded quickly through the fabrication phase, and began in vivo 

testing in order to quickly evaluate weather this method is an effective means for transdermal 

drug delivery.  Initial results are promising, and further refinement and optimization of the 

process could lead to improved performance of the microneedles.  However, we have 

accomplished our objective of demonstrating the efficacy of this technology. 



54 

 

 

 

 

This technology is clinically significant because it facilitates transdermal insulin delivery in 

an efficient and potentially painless manner.  Reducing the pain associated with insulin 

delivery is associated with increased patient compliance (6), and may lead to improved long 

term health benefits for diabetic individuals as a result of increased insulin dosing 

compliance in the long term.  On an acute level, the accurate dosing of insulin for diabetic 

individuals can prevent hyperglycemiea and its associated symptoms such as frequent 

urination and ketoacidosis, while long term insulin administration reduces the risks of kidney 

failure, vascular damage, and blindness. 

 

Additionally, the possibility of combining “smart” glucose-responsive nanoparticles with our 

dissolvable microneedles could lead to new and desirable methods for long-term insulin 

regulation.  We have demonstrated that nanoparticles can be loaded into the polymer 

microneedles, and future studies are likely to prove their efficacy in vivo. 
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Appendix A 

Matlab code for computer simulation: 

 

clc 

clear all 

  

width=150 

depth=32 

  

%set indices of refraction 

glass_ior=1; 

su8_ior=1.5; 

  

%Configure Rays 

number_of_rays=10; 

rays=-width/2:width/(number_of_rays+1):width/2 

rays(1)=[]; 

rays(length(rays))=[]; 

rays 

  

%This solves the ellipse equation 
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i=1 

syms x y 

for x=-width/2:1:width/2 

    i=i+1; 

    x_array(i)=x; 

    y_array(i)=double(abs(solve(x^2/((width/2)^2)+y^2/(depth^2)==1,y, 'PrincipalValue', 

true, 'Real', true))); 

    %this solved the circle equation 

    %y_array(i)=abs(solve(x^2+y^2+D_val*x+E_val*y+F_val==0,y, 'PrincipalValue', true, 

'Real', true)); 

    %solve(x^2+y^2+D_val*x+E_val*y+F_val==0,y, 'Real', true) 

end 

  

%This is here to put lines at each end of the ellipse 

x_array(1)=-800 

y_array(1)=0 

x_array(i+1)=800 

y_array(i+1)=0 

  

%this plots the lens (Ellipse) 

figure 
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plot(0-x_array,0-y_array) 

hold on 

axis([-400 400 -100 700]) 

  

  

for i=1:length(rays) 

    %Find slope of tangent line 

    m_tangent=y_array(find(x_array==floor(rays(i))))-y_array(find(x_array==ceil(rays(i)))); 

    %find inverse slope (slope of the normal) 

    m_normal=-1/m_tangent; 

    %take the arctan to find the angle of the normal (see p.31 in lab notebook) 

    theta3=atan(m_normal) 

    %find angle between ray and normal within the glass 

    theta1=abs((pi/2)-theta3); 

    %Snell's Law: find angle between ray and normal in SU-8 

    theta2=asin((glass_ior*sin(theta1))/su8_ior); 

    %find the slope of the ray in relation to x axis 

    %m_ray=tan(theta2+theta3) 

    if rays(i) < 0 

        m_ray=tan(theta2+theta3) 

    else 
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        m_ray=tan(theta3-theta2) 

    end 

  

    %find precise coordinate for the ray 

    ray_y_coords(1)=-double(abs(solve(rays(i)^2/((width/2)^2)+y^2/(depth^2)==1,y, 

'PrincipalValue', true, 'Real', true))) 

    ray_x_coords(1)=rays(i) 

    %find b value for y=mx+b for ray 

    ray_b_value=ray_y_coords(1)-m_ray*ray_x_coords(1) 

    %Generate a point far away (x=2000) to make long ray 

    %use if ststement to make point at -1000 if ray is on positive side 

    if rays(i) < 0 

        ray_y_coords(2)=m_ray*2000+ray_b_value; 

        ray_x_coords(2)=2000; 

    else 

        ray_y_coords(2)=m_ray*(-2000)+ray_b_value; 

        ray_x_coords(2)=-2000; 

    end 

    ray_y_coords 

    ray_x_coords 
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    plot(ray_x_coords,ray_y_coords, '-r') 

end 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



65 

 

 

 

 

Appendix B 

Atmospheric pressure calculations on sidewalls and lid of the degassing chamber: 

Assumptions: 

1.  Atmospheric pressure acting on the apparatus is 101325 Pa (atmospheric pressure at 

sea level) 

2. A complete vacuum occurs inside the apparatus (eg – internal pressure drops to 0 Pa) 

3. The apparatus is cylindrical in shape, and is 36 cm in height, with a radius of 15 cm 

Calculations: 

Surface area of the sides of the cylinder: 

2 2

Surface Area = Height * 2

Surface Area = (36 cm) * 2 (15 cm)

Surface Area  3393 cm  = .3393 m  

r





 

Surface area of the top and bottom of the cylinder: 

2

2

2 2

Surface Area = *r

Surface Area = *(15 cm)

Surface Area  707 cm .0707m





 

 

Pressure on the sides of the cylinder: 

2

2

Sidewall Pressure = 101325 Pa * .3393 m 34,379 Newtons  7,728 Pounds

Top Pressure = 101325 Pa * .0707 m 7,163 Newtons  1,610 Pounds
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Appendix C 

Table 1.  Data from In Vivo Blood Glucose Level experiments 
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Appendix D 

Table 2.  Halyruonic Acid (HA) hygroscopicity data  

Time (min) Needle Array Mass (g) % Change From Initial 

0 1.1734 
- 

5 1.1764 
0.3 

10 1.1785 
0.4 

15 1.1801 
0.6 

20 1.1816 
0.7 

25 1.1838 
0.9 

30 1.1843 
0.9 

35 1.1855 
1.0 

40 1.1872 
1.2 

45 1.1883 
1.3 

50 1.1893 
1.4 

55 1.1908 
1.5 

60 1.1917 
1.6 

120 1.2006 
2.3 

160 1.2050 
2.7 

650 1.2579 
7.2 

1252 1.2901 
9.9 

 




