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Abstract 

Over one in three Sickle Cell Disease (SCD) patients have chronic pain, and opioids are the main 

treatment option for many Sickle Cell Disease patients.¹ However, with the current Opioid crisis, doctors 

are restricting their prescriptions and being more speculative of patients' reported pain levels, especially 

those of African American descent, who comprise the majority of SCD patients.2 This lack in 

patient-doctor communication is because doctors do not have a way to objectively quantify a patient's 

pain, so doctors under-prescribe medicine rather than risk a patient overdosing in their care. To solve this 

problem, we developed a closed-loop technology that assesses a patient's pain by measuring HMGB1 

levels followed by a corresponding dosage of pain medicine delivered to the patient. This technology is 

incorporated into a patch of minimally invasive microneedles, which release a matrix that is degraded to 

release the drug after significant painmarkers are released. This technology is helpful and important 

because it helps guarantee that the SCD patients are getting the proper treatment, especially during a 

vaso-occlusive crisis, while also preventing misuse or overuse of opioids. 

Introduction 

Non-invasive neuromodulation has been a tool for targeting brain abnormalities,  rectifying 

behavioral and cognitive disorders, and therapeutic use for centuries. Evidence dates back to the Ancient 

Romans, who used current from electric eels to cure ailments such as headaches, gout, and childbirth 

pain.3 In current times, the technology has been moved to the forefront due to its ability to stimulate and 

alter brain activity from the skin, without introducing risky surgical procedures that require invading the 

body. A range of noninvasive brain techniques exist, including electroconvulsive therapy (ECT), 

transcranial magnetic stimulation (TMS), and transcranial direct current stimulation (TDCS). ECT is a 

procedure, done under general anesthesia, in which small electric currents are passed through the brain, 

intentionally triggering a brief seizure. ECT seems to cause changes in brain chemistry that can quickly 

reverse symptoms of certain mental health conditions, such as depression, mania, and catatonia.4 Even 

though it is an effective treatment, there is a lack of uniform training and practice of ECT across the 

board. For example, in a study investigating gaps in ECT practice, they found that "most of the doctors [in 

the study] had successful attempts most of the time they administered ECT. However, for those who were 

initially not successful, they repeated the ECT administration either the next day, or immediately for a 

maximum of three attempts."5 As for TMS, electromagnetic coils are held against the scalp and influence 

underlying cortical firing. It has been effective for helping individuals with depression.6 Some limitations 

include the fact that any effect on deep structures is from synaptic transmission of the stimulus, so it is 

hard to precisely determine how much cortical area is affected with each pulse. TDCS on the other hand, 

uses direct electrical currents to stimulate specific parts of the brain. It is used to modulate cortical 
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excitability, producing facilitatory or inhibitory effects.7 Although it is cheap and can be made portable, it 

has poor spatial resolution and there are still difficulties in defining the location of the electrodes.8  

All of the therapies researched were applied to mental diseases; seeing that the field was already 

heavily explored, we decided to look at a more abstract ailment. This led us to looking at pain and how it 

is currently quantified and treated. Many articles listed opioid use as the most common treatment for pain, 

which prompted us to look into why non-invasive modulation could be better than opioid medication for 

pain. We found that the number one cause of unintentional death is prescription drug poisoning, killing 

over 60,000 people annually. This is partly due to the addictive properties of opioids.9 

While the perception (through nociceptors) and transmission (through signals in the spinal cord, 

thalamus, and cortex) of pain throughout the body is universal, there are slight differences in receptors 

and chemicals released depending on what is triggering the pain. To narrow the scope of our project, we 

looked into diseases that are treated with opiods. We found that opiods are commonly prescribed to sickle 

cell disease (SCD) patients with chronic pain. According to the CDC, pain is the most common 

complication of SCD, and the largest reason that people with SCD go to the hospital.10 With this in mind, 

we chose sickle cell disease patients as the primary population for our device and focused on monitoring 

HMGB1, a gene that has been proven a good indicator of a pain episode.11 With all of the research 

conducted, we were able to craft a concrete problem statement:  

Over one in three SCD patients have chronic pain, and opioids are the main treatment option for 

many Sickle Cell Disease patients.¹ With the current Opioid crisis, doctors are restricting their 

prescriptions and being more speculative of a patient’s reported pain levels, especially one of 

African American descent (as many SCD patients are).² Having a safer, effective, and 

non-invasive pain treatment is necessary to decrease SCD patients’ dependence on opioids and 

give them more options to manage their pain. 

Analysis of Proposed Technology 

Design 

We have created a unique microneedle patch design, consisting of hollow microneedles coated 

with a drug matrix (see Figure 1). This microneedle patch design is unique because it includes 

mechanisms and technologies that act as a closed loop system in order to measure high mobility group 

protein 1 (HMGB1) levels and release pain medication, specifically lidocaine which blocks nerve signals, 

when a vaso-occlusive crisis occurs. Since severity of pain episodes vary on a case to case basis, lidocaine 

dosage will vary between patients.  HMGB1 has been known to act as an alarmin and a mediator of 

inflammation. This makes high levels of the protein a good indicator of an upcoming pain crisis. HMGB1 

is commonly detected with western blotting or ELISA; however, other macromolecules with high affinity 
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for HMGB1 can be used to detect it. Hemicatenated DNA loops (hcDNA) have shown a tremendous 

affinity to HMGB1, with a binding constant at least three orders of magnitude higher than other 

macromolecules.12 While DNA coated microneedles have been used before, they were only used to be 

released as a treatment instead of being part of the measuring mechanism.13  To overcome this, we found 

that HMGB1 stimulates topoisomerase II to bind to DNA and initiate a hydrolysis reaction that ultimately 

results in DNA cleavage. Since our proposed microneedles will be coated with DNA, this catalysis 

reaction would degrade the matrix when HMGB1, which will act as an enzyme, is around.14 This method 

of degradation has been proven feasible in other applications:such as a microneedle coated with a drug 

matrix has been used to treat diabetes and the insulin is released upon degradation of a crosslinked matrix 

loaded with the drug (see Figure 2).15 

The microneedle patch, coated with a drug matrix consisting of hcDNA and topoisomerase II, 

will be applied to any location on the skin where the SCD patient experiences pain from vaso-occlusive 

crisis. The microneedles will be roughly 1.5 mm long in order to reach the dermis layer where the pain 

receptors are located. Since the body has numerous proteins that can also interact with DNA, 

non-radioactive competitor DNA segments will be added to the matrix. These lower specificity proteins 

will bind to the non-radioactive DNA in excess, leaving HMGB1 to bind to the hcDNA.12 When HMGB1 

levels are present, they will react with the topoisomerase II on the needle which will degrade the matrix, 

allowing the drug to be released into the dermis near the pain receptors to minimize the distance that the 

pain drug needs to travel to interfere with the pain receptors. This will maximize pain relief while 

minimizing the amount of drugs required.  

Advantages and Limitations 

Assumptions that are in place with this current technology include drug size and concentration of 

target protein within the interstitial fluid. The administered drug needs to be of a small enough size to be 

administered through the microneedles. With the use of lidocaine, we expect this drug to be sufficient 

based on previous studies. Some proteins have been found to bind to other biomolecules in the interstitial 

fluid. When this occurs, it can reduce the free concentration of the protein to bind to the coating on the 

microneedles. With HMGB1, there has not been sources found so far to suggest this would be an issue in 

this technological application. Furthermore, this is a very mobile protein that has been found in 

extracellular environments as well as in diseased tissues so there is reason to believe that it will 

accumulate in the interstitial fluid. Additionally, previous studies (referenced in Figure 3) have shown 

drastic spikes in HMGB1 concentrations at the onset of vaso-occlusive episodes which should be 

significant enough to be detected when an episode is occuring. Finally, we assume that hcDNA and 
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topoisomerase II link onto the pain drug and when degraded do not alter the drug, allowing it to be 

effective once the matrix is degraded. 

The advantages of the microneedle patch are that it is fast, minimally invasive, and painless. 

Previous studies that used microneedle patches with the integration of lidocaine showed that lidocaine 

was able to permeate the skin within 5 minutes of the patch application and the lidocaine was able to 

reach therapeutic thresholds locally in 10 minutes.16 The patch then reached a level of sustained 

absorption that allowed for pain relief lasting up to 8 hours. Other forms of pain relief such as orally 

administered painkillers can prove to be addictive in the context of opioids. Intravenous administration is 

fast but it is uncomfortable and cannot be administered at home which can lead to patient 

non-compliance. Finally, topical creams such as EMLA, can take approximately 120 minutes to reach 

analestegic relief. While transdermal pain relief patches such as the EMLA patches take closer to 60 

minutes, it is not an effective solution for acute pain management.17 

Microneedles are considered to be minimally invasive due to its shallow innervation of the skin. 

While other solutions are noninvasive, most treatments are blocked due to the outermost stratum corneum 

layer of the skin. Microneedles are capable of creating microchannels in the skin that pierces the stratum 

corneum layer allowing medications to be delivered directly on the epidermis without puncturing deep 

enough to stimulate the nerves in the dermal layer.18, 19 This distinction allows it to fall within the 

noninvasive to minimally invasive range. Due to its ability to avoid the nerves, is a painless drug delivery 

method with needles thinner than the human hair, and that can be applied at home, this method increases 

patient compliance rate.18 

While microneedle delivery is very promising, it is also faced with limitations. For example, it 

has been shown to cause skin irritation, breakage of microneedles in the skin, and also it only provides 

localized pain relief. If skin irritation occurs, there can be redness, swelling and pain associated with it. 

There is also some risk of infection if the microneedles are not kept sterile since the technology is 

introducing holes into the skin.18 Another possible side effect is breakage of the microneedles in the skin, 

which if left within the skin, can cause problems. This is rare and can be mediated by ensuring the correct 

material properties when designing the microneedle.  

Validation 

With our microneedle design fleshed out and assumptions laid out, the next step is to develop a 

validation plan to ensure that our design is feasible, safe, and effective in measuring HMGB1 levels and 

providing pain-relieving medication. 

In order to test the feasibility of this device, we would measure how effective HMGB1 is at 

opening up the matrix released by the microneedle that holds our pain-relieving drug. To do this, we 
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would follow in vitro studies conducted for a similar microneedle patch with a matrix released by 

glucose.20 Different concentrations of HMGB1 (0, for a control, 10 ng/mL to represent a healthy patient, 

20 ng/mL to represent a sickle cell disease patient, and 30 ng/mL to represent a sickle cell disease patient 

in crisis) would be added to 1 mL of Phosphate-buffered saline (PBS).11, 21 The drug matrix would be 

released into these solutions, and at a variety of timepoints, 50 μL would be extracted. The amount of 

lidocaine released would be measured through an assay as described by Hawkins, Bridges, and Jennison.22 

This experiment will show us how much HMGB1 and time is needed to release our pain-relieving drug, 

and whether this amount falls within our patient needs. A second test to be conducted is how natural 

changes in HMGB1 could affect the release of the drug. To do this, we would alternate between having 

the matrix sample in low and high concentrations of HMGB1 and PBS solutions and using a similar 

technique as above to measure the amount of drug released. This will show us whether the drug is 

released in these lower concentrations and how much previous concentrations affect current activity. 

These two experiments will also show us how much drug we can expect to be released in the body by 

using concentrations of HMGB1 that reflect different human states and compare it with known safe 

amounts of drug released into the body. Success in these studies would be an increased release of our drug 

with the high concentrations of HMGB1 and little to no release with low concentrations that represent 

healthy individuals. Lack of feasibility would be found if no drug was released with all HMGB1 

concentrations or drug was released equally across all HMGB1 concentrations. With these two 

experiments we would gain a base-line of feasibility and safety for our solution, and could feel confident 

with moving forward with it or making any necessary changes.  

Finally, to measure effectiveness we would use an in vivo experiment to monitor improvement in 

pain. We would have mice with a human betaA globin gene mutation (as seen in Sickle Cell Disease).23 

Upon noticing “pain-like” behaviors or an increased score in the Mouse Grimace Scale, some mice would 

receive a microneedle patch with our drug-releasing matrix while the control group does not.24 These 

behaviors and grimace scale results would be monitored throughout the expected drug release window (as 

determined from the above in vitro results) and after. We would then analyze the differences in scores 

between groups to determine if the microneedle patch was significantly effective in managing pain. This 

study would be considered a success if there was a significant improvement in pain, and our drug would 

not be considered effective if there was not found to be a significant improvement in pain. If necessary, 

our drug concentration within the matrix may have to be further studied to ensure that effective doses are 

released when the subject is in pain. These three studies would help us validate our solution and move 

forward with providing a new Sickle Cell Disease drug to manipulate pain perception. Further research 

would involve moving towards FDA approval through human trials.  
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Discussion 

Our proposed device is an adaptation of current microneedle technologies fitted to suit the needs 

of sickle cell disease patients. The first test is conducted to ensure that HMGB1, an indicator gene that 

would be used to release the pain medication the microneedle, would release accurate dosages of pain 

medication based on HMGB1 levels. If this test proves successful, then it would be clear that the 

HMGB1/lidocaine mechanism and matrix we decided to move forward with actually work within the 

microneedle. The second test is to ensure that there is enough of a bottom threshold of our device so that 

natural HMGB1 levels do not accidently cause a release of the drug into the system. These two tests are 

key because HMGB1 is a defining indicator of pain for sickle cell patients and is what allows the 

microneedle device to be tailored for these patients. 

The final test would ensure that the full device would work in vivo. This would ensure that the 

microneedles would react to the natural HMGB1 released and that the pain medicine released would work 

on the subject. This is an all encompassing test that would prove the feasibility of our device for sickle 

cell patients. 

There are limitations to the tests that we would conduct that would eventually need to be 

addressed. The first key limitation is that HMGB1 baseline levels can vary from individual to individual. 

This would mean that the amount of HMGB1 required to release the pain medication from the 

microneedle should not be universal. A workaround to this would be to create multiple “levels” of our 

device that can be better matched with an individual's natural HMGB1 level to ensure that the device 

works properly. The other limitation would be that the results from the in vivo mouse model might not be 

representative of how the device would work in humans. HMGB1 levels and pain mechanisms within the 

mouse model might not be truly equal to humans. To fix this there could be more studies to determine 

how HMGB1 levels differ in humans and mice. This would allow the results from our tests to accurately 

model how the device would work in humans, and if no complications arise, allow for progression onto 

human trials. 

A microneedle device that uses HMGB1 as a pain indicator and then releases lidocaine could be 

very beneficial to individuals that have sickle cell disease because it is fast, minimally invasive, and 

painless. It would allow for individuals undergoing a sickle cell crisis to receive adequate treatment 

immediately while preventing misuse or overuse of opioids.  
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Figures 

 

Figure 1. Visual representation of various integumentary drug delivery methods. The microneedle 

patch pierces through the stratum corneum layer directly delivering the drug onto the epidermis without 

breaking through the dermis. This allows it to be more effective in drug delivery than transdermal patches 

and topical creams while still being less invasive than a hypodermic needle.18 

 

 

Figure 2. Illustration of how an insulin loaded microneedle responds to increased Glucose levels. 

Our proposed device would work similarly with DRUG loaded into the microneedle and topoisomerase II 
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coating the needle which would be degraded by HMGB1. Increased levels of HMGB1 during a sickle 

crisis would eventually cause release of the DRUG into the body to combat the pain.20 

 

 

Figure 3. Patients with Sickle Cell Disease have increased plasma HMGB1 concentrations especially 

while in a sickle crisis. Figure A shows the plasma concentrations of HMGB1 in healthy individuals and 

individuals exhibiting sickle cell disease with a P = 0.047. Figure B shows how the HMGB1 values 

increase within sickle cell patients when they are undergoing a crisis with a P = 0.0362. This goes to show 

that HMGB1 is a significant indicator for both sickle cell patients and for determining when an individual 

is having a sickle cell crisis.11 
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