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ABSTRACT 

JAMES BRYAN TAYLOR: Elucidating the Biological Mechanisms of  
Host Response to Nitric Oxide-Releasing Glucose Biosensors 

(Under the direction of Mark H. Schoenfisch)

 

Despite the utility of continuous glucose monitors (CGM) in improving health 

outcomes for type I diabetic persons, these implants have a limited duration due to the foreign 

body response (FBR). Though nitric oxide (NO)-releasing glucose biosensors have been 

demonstrated to reduce the FBR and extend implant lifetime, the biological mechanisms 

impacted by NO release to trigger these therapeutic outcomes have not been explored in detail. 

Herein, NO’s effects on phenotype and activity of biological systems were investigated to 

identify biomarkers and NO’s mechanisms of actions.  

As macrophages deplete enough local glucose from an implant site to create reductions 

in sensor accuracy, glucose consumption was analyzed as a function of both NO and 

inflammatory state. Using 2-NBDG uptake as a measure of glucose consumption, preliminary 

data demonstrated 500 µM SNAP causing increases in glucose consumption (~10% or ~60% 

increase in pro- or anti-inflammatory macrophages, respectively) and 5 µM SNAP resulting in 

a ~50% reduction in glucose consumption for pro-inflammatory macrophages and no change 

for the anti-inflammatory counterparts. 

Using a euglycemic porcine model, mechanisms and biomarkers affected by NO 

release were evaluated through protein and gene expression analyses on tissue explanted from 

an NO-releasing implantation site. With NO release, chemokine levels were found to be 

reduced at 7-days post-implantation and pro-inflammatory mediators were found to be 

broadly reduced by NO exposure. Genetic analysis supported previously reported decreases 
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in leukocyte infiltration with NO and discovered variations in the leukocyte composition 

present at the implantation site.  

The activity of matrix metalloproteinases (MMPs) was investigated as a function of 

both inflammatory state and NO release. Reductions in MMP activity were observed at lower 

NO doses, showing the potential of NO release to reduce inflammation associated with 

increased MMP levels. Significant increases were observed in macrophages exposed to 0.02 

mg/mL DPTA/NO at endotoxin levels ≥ 2.5 µg/mL. As meaningful differences were not 

observed at 0.2 mg/mL DPTA/NO or from 0.02-0.2 mg/mL DETA/NO, a slower releasing 

NO donor, these data imply that there is a narrow therapeutic window for NO reducing MMP 

activity which merits further investigation.
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CHAPTER 1 – HOST RESPONSE OF NITRIC OXIDE-RELEASING  
GLUCOSE MONITORS

 

1.1 Continuous Glucose Monitors in Diabetes Management 

 Diabetes mellitus is a family of diseases characterized by physiological resistance to or 

deficient production of insulin.1,2 Insulin is a key steroid secreted by the pancreas and insulin 

resistance, any diminishment in insulin’s effect, leads to decreased blood glucose regulation. 

In humans, blood glucose is maintained in a narrow range of 80-120 mg/dL (4.4 – 6.6 mM), 

providing the glucose required to drive the body’s metabolic processes without incurring the 

adverse effects of increased glucose levels, including atherosclerosis.2 Without blood glucose 

regulation, various adverse health outcomes may occur, including loss of eyesight, chronic 

wounds, ketoacidosis, and even death.3,4 There is a specific need concerning Type I diabetes, 

a congenital disease where the pancreas produces atypically low amounts of insulin. 

Inadequate levels of insulin result in hyper- and hypoglycemic swings (extreme high or low 

levels of blood glucose, respectively), both of which can lead to the adverse health outcomes 

and morbidity. To control these swings in blood glucose, type I diabetic persons regularly 

monitor their blood glucose and inject of exogenously produced insulin. 

 For the management of type I diabetes, blood glucose is most commonly monitored 

via a finger-prick blood glucometer, an instrument that uses a lance to withdraw ≤ 1 µL of 

blood and determines a blood glucose concentration through electrochemical quantification.5 

Glucose management, with the finger-prick glucometer and corresponding treatment with 

insulin, has led to demonstrable improvements in diabetes survivability and health outcomes. 

However, these measurements are limited by the discrete nature of sampling. Because finger-
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prick measurements require frequent and conscious action, they are prone to discontinuation 

due to pain or management issues, which in turn facilitates adverse health outcomes.5,6  

Furthermore, glucose readings become impossible to obtain if the individual cannot self-

administer the finger-prick, most notably while asleep. Hyper- and hypoglycemic swings can 

happen rapidly, creating a unique problem when designing technology to assist in diabetes 

management. 

A modern advancement in these technologies is the development of the implantable 

glucose monitor. In contrast to discrete measurements, continuous glucose monitors (CGMs) 

are designed to track glucose measurements in real time over extended periods to minimize 

adverse health outcomes borne from sampling error.3,7,8 Though there are colorimetric and 

impedance-based CGMs available, electrochemical glucose detection is most commonly used. 

In electrochemical CGM, the enzyme glucose oxidase is immobilized onto an electrode surface 

or sensor. The process involves the oxidation of glucose to gluconolactone and the 

concomitant reduction of oxygen to hydrogen peroxide. It is the hydrogen peroxide that is 

electrochemically detectable, resulting in an electrical current that is proportional to the 

glucose concentration. The sensor is implanted transcutaneously to follow interstitial glucose 

concentrations that lag levels in blood by only a few minutes. The continuous nature of this 

measurement allows blood glucose tracking without requiring user input, producing an alarm 

alerting the patient to both hyper- and hypoglycemic swings. Electrochemistry-based CGMs 

are available by prescription and have led to significant improvements in health outcomes for 

type I diabetes patients.9–15 Physicians have recently recognized the "time in range", or the 

amount of time spent at a healthy blood glucose level and is uniquely assessable only by CGM, 

is a more reliable predictor of health outcomes than the current standard, glycosylated 

hemoglobin levels (HbA1C).16  Thus, CGM technologies represent a new frontier in medical 

devices. The diabetes technology community is working towards an implantable and 
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automated insulin pump that would be able to work in tandem with CGM, creating a closed-

loop treatment for a diabetic individual, with minimal input on their end.15 

  

1.2 Foreign Body Response 

 Though CGM holds great promise for diabetes management, it is not without 

drawbacks. The average sensor lifetime once implanted is perhaps the greatest. The sensor is 

implanted in the body, which then elicits a series of immune reactions known collectively as 

the foreign body response (FBR) (Figures 1.1 and 1.2),17–21 with the sensor serving as a foreign 

body. Protein adsorption initiates the immune response cascade, both signaling neutrophil 

infiltration and attenuating the glucose sensor signal through biofouling (i.e., the passivation 

of the sensor surface). Neutrophils then arrive at the site of insult, primarily phagocytosing 

debris or pathogens in an attempt to clean the implant site.22 Three to four days post-

implantation, monocytes migrate towards the released proteins and are differentiated into 

macrophages, one of the most influential cells in the foreign body response.18,23–25 These 

macrophages phagocytose like their neutrophil counterparts, but additionally release large 

levels of reactive oxygen and reactive nitrogen species (ROS and RNS, respectively) to destroy 

pathogens and the foreign body, leading to phagocytosis attempts on the damaged implant. 

Frustrated, the macrophages will fuse under their frustrated phagocytosis into 

polymorphonuclear cells, also known as foreign body giant cells (FBGCs).24,26 FBGCs release 

a larger flux of reactive species including superoxide, hydrogen peroxide, and peroxynitrite, 

all leading to significant implant damage.27–29 Upon insufficient removal of the foreign body 

at roughly 7 days, fibroblasts arrive and isolate the implant in a fibrous collagen capsule.  

 The foreign body response is damaging to the lifetime and function of any implant, but 

has particularly ramifications for continuous glucose sensors. The most serious is that the 

collagen capsule impedes glucose transport towards the sensing surface, which in turn 

confounds glucose measurement by  increasing response time, ultimately leading to sensor 
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lag, loss of sensitivity, and decreases in sensor lifetime.30,31 Understanding the biology of the 

inflammatory response and how sensor designs might mitigate the foreign body response are 

both of prime importance to develop better sensors. The following sections focus on the two 

major cell types, macrophages and fibroblasts, involved in the FBR as well as sensor design 

strategies to mitigate the foreign body response. In addition, there is evidence that 

mechanisms in the foreign body response are also dependent on other immune cells, including 

T cells32, mast cells,33 and dendritic cells,34,35 although these will not be explored in great detail 

herein. 

 

1.2.1 Macrophages 

 Macrophages are a class of leukocyte that play a vital role in the inflammation process. 

They are derived from monocytes and ultimately differentiate into macrophages upon 

stimulus from present cytokines. Macrophages have been identified as the primary drivers of 

inflammation, as cytokines released by the macrophages control the arrival and phenotype of 

other cells to the implant site, including keratinocytes, fibroblasts, and epithelial cells. Though 

several types of macrophages exist, including osteoclasts and glial cells, the discussion below 

will refer broadly to macrophages involved in the healing of dermal tissue. 

 

1.2.2 Macrophage Effects on Implanted Sensors 

 The FBR is deleterious to sensor function in many ways. Though macrophages are 

important to the regulation and progression of the whole process, they can be detrimental to 

the function of an implanted device and need to be accounted for when designing longer-

lasting, durable sensors. Of note, macrophages notably have a large native glucose 

consumption relative to other cells at the site of insult.30,36–38 For example, Novak et al. 

employed a two-compartment diffusion model to simulate the glucose consumption of the 

various cells present at the implant site. They reported that macrophages consume a 
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disproportionate amount of glucose over time, eclipsing the consumption of other cell types.30 

This glucose depletion was also observed by Klueh et al. in an in vivo CGM model in which 

macrophages were injected into the implant site. Upon injection, a nearly immediate decrease 

in current was observed, in contrast to injected lymphocytes, which did not produce an 

observable change in current.36 

 

1.2.3 Macrophage Polarization and Plasticity 

 Macrophages change their phenotypes in response to their microenvironment; this 

phenomenon is known as macrophage polarization or activation.25,39,40 In the original theory, 

polarization states were used to distinguish pro-inflammatory from anti-inflammatory 

macrophages with binary modality.41–43 Current research suggests that macrophage 

polarization is more spectral in nature. However, this dissertation will refer to activated 

macrophages as broadly pro- or anti-inflammatory unless otherwise noted. 

 Pro-inflammatory macrophages, also known as M1 or classically-activated 

macrophages, are the macrophages associated with pathogen and debris clearance. Removal 

of debris is mediated by the release of ROS and RNS species that are biocidal to pathogens 

and can damage larger foreign bodies. These reactive species include hydrogen peroxide 

(H2O2), superoxide (O2-.), and nitric oxide (NO), each recognized for their biocidal action. This 

phenotype can be induced via several cytogenic markers including interferon-gamma (IFNy), 

tumor necrosis factor (TNFa), and interleukin 6 (IL-6), which are released from cells, notably 

T-helper cells, to create an inflammatory environment. Additionally, macrophages can be 

induced to M1 phenotypes by pathogenic markers shed from bacteria, most notably 

lipopolysaccharides (LPS) shed from bacterial cell walls. 

 Anti-inflammatory macrophages, also known as M2 or alternatively-activated 

macrophages, are associated more closely to wound healing and cell signaling with 3 broad 

subtypes (M2a, M2b, and M2c).44 For simplicity, this dissertation will refer to all anti-
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inflammatory macrophages as being in the M2 phenotype. Broadly speaking, polarization can 

produce anti-inflammatory macrophages through cytokines, including interleukin 4 (IL-4) 

and interleukin 13 (IL-13). Anti-inflammatory supplements and drugs can also promote M2 

character in macrophages. For example, the soybean extract genistein has been linked to anti-

inflammatory character. It has been observed to reduce GLUT1 expression in macrophages, 

resulting in decreased glucose consumption.45  

 Of importance, not all macrophages are equally polarized. The nature of the stimulant 

plays a vital factor in their polarization. For example, macrophages stimulated solely with LPS 

differ in activity from those with stimulated with a combination of IFNy and LPS, even though 

they are both pro-inflammatory in nature. Murray et al. proposed a new identification scheme 

for polarized macrophages that account for this discrepancy whereby macrophages are 

represented by M(X), where X is the stimulant in question (e.g. M(LPS), M(IL-4), M(IFNy + 

LPS)), as an alternative to designating macrophages as M1 or M2.46  

Others have theorized that M1 macrophages inhabit a wound site during the early 

acute phases of inflammation and then shift to an M2 phenotype during proper wound 

healing, implying that the ratio of M1 and M2 macrophages serves as an additional marker of 

wound healing progression, known as the M2:M1 ratio.47–50  Badylak et al. implanted rats with 

either porcine small intestinal submucosa (SIS) or porcine submucosa subjected to 

carbodiimide crosslinking (CDI-SIS) to elicit an exaggerated inflammatory response.50 Over 

the 16 week implantation, histology and immunohistochemistry were used to monitor the 

quality of the wound healing. The SIS model featured more favorable wound healing and a 

higher ratio of M2:M1 cells at every interrogated timepoint, compared to the CDI-SIS model, 

which had greater counts of M1 cells to M2 cells at every time point.50 This study is one of 

several supporting the theory that the M2:M1 ratio is an important predictor of proper wound 

healing. When additionally considering that macrophage phenotypes are plastic and 
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modulated by changes in the microenvironment,40,51,52 macrophage phenotyping and the 

M2:M1 ratio remain important and especially dynamic markers for wound healing status. 

 Of particular importance to implantable glucose sensors, the glucose consumption of 

macrophages has been linked to their polarization state. Pro-inflammatory macrophages 

consume greater levels of glucose to drive the release of reactive species. For example, the 

over-expression of the GLUT1 glucose transporter was observed with the addition of pro-

inflammatory stimuli, compared to wild-type macrophages.53–55 For the anti-inflammatory 

counterpart, preliminary evidence suggests higher rates of fatty acid oxidation drive the 

metabolic processes of anti-inflammatory macrophages instead of increased glucose 

consumption.53,56  

 To explore the role of polarization on glucose consumption, Novak et al. expanded on 

their previously published glucose transport model and devised a macrophage-embedded 

fibrin gel model, in which a CGM was inserted to simulate an implanted continuous glucose 

monitor.57 They were able to use this model to interrogate a Medtronic CGM with 

unstimulated macrophages as a control and macrophages stimulated with 1 ug/mL LPS or 50 

nM phorbol myristate acetate (PMA) to induce an M1 phenotype, or 100 µM Genistein, a 

soybean extract shown to have some anti-inflammatory character. Using the raw glucose 

consumption data from the sensor and extracted kinetic information, both M(PMA) and 

M(LPS) cells consumed more glucose and at larger rates, while M(Genistein) cells consumed 

less glucose at lower rates, all compared to unstimulated macrophages. As macrophages 

consume the most glucose of all the cells at the sensing site, controlling their polarization state 

to reduce confounding glucose consumption and may represent an ideal strategy for extending 

sensor lifetimes. 
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1.2.4 Fibroblasts 

 Another key class of cells in the foreign body response are the fibroblasts which 

orchestrate the collagen capsule that isolates the foreign body. Derived from the mesoderm, 

fibroblasts arrive to a wound site as proto-myofibroblasts to create cell contacts with the 

extracellular matrix (ECM). The proto-myofibroblasts subsequently differentiate into 

myofibroblasts that are responsible for the majority of collagen deposition at the site of insult. 

As the wound closes, anti-inflammatory mediators decrease in concentration with the 

resolution of inflammation, leading to apoptosis of the myofibroblasts and a ceasing of ECM 

deposition. With abnormal healing such as the FBR, chronic inflammation begets perpetual 

collagen deposition, leading to the formation of the collagenous capsule associated with sensor 

implantation. This layer is particularly deleterious for glucose sensors because it impedes 

glucose diffusion to the surface of the sensor and distorts sensor response.31  

 Along with wound reconstruction, fibroblasts are involved in inflammatory regulation 

by releasing inflammatory mediators such as TGFB1, GM-CSF, and PGE2.22,58,59 Much of this 

regulation occurs via both cross-talk with macrophages, which has been replicated both 

paracrine (i.e., indirect co-culture) and juxtacrine (i.e., direct co-culture) systems in 

vitro.58,60,61 Cross-talk has also been observed between fibroblasts and mixed M1 and M2 

macrophage populations within in the collagen capsule. Much like macrophages, fibroblasts 

are also inducible by similar inflammatory stressors. The inflammatory state of fibroblasts 

may be quantified by analysis of common inflammatory biomarkers similar to macrophages. 

One novel method of quantifying inflammation in fibroblasts is through their production of 

matrix metalloproteinases (MMPs).60,62 MMPs are responsible both for degradation of ECM 

components and the regulation of various proteins like cytokines, chemokines, and MMPs 

themselves. Understanding how MMPs are affected by fibroblast inflammation provides more 

detailed insight into the immunomodulated pathways. This method of analysis has been 

explored using paracrine factors from M1 and M2 macrophages to examine fibroblast MMP 
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production. Ploeger et al. found that M1 paracrine factors result in higher MMP 

concentrations, and that the subsequent replacement with M2 factors in fact reversed some 

of the increases in MMP concentration, implying plasticity in the fibroblasts.60 Bozkurt et al. 

later explored MMP concentration in gingival fibroblasts as a function of LPS concentration 

and also reported increasing concentrations of MMP-1, -2, and -3 with increasing 

inflammatory stress.62 In addition, they noted that the increased MMP production correlated 

with a three- and five-fold increase in expression of IL-8 and IL-6, respectively.62 Given the 

many roles fibroblasts play in inflammation, wound healing, and specifically the FBR, 

understanding the inflammation in fibroblasts is vital to advancing research into FBR 

mitigation.  

 

1.2.5 Sensor Designs for Mitigating the Foreign Body Response 

 A number of strategies have emerged to maintain long-term sensor performance by 

mitigating the foreign body response. Active FBR-mitigation strategies involve the active 

release of pro-wound healing mediators (e.g., pro-angiogenic factors, anti-inflammatory 

agents) from the surface of the sensor that lessens the body's immune response at the implant 

site. In contrast, passive FBR-mitigation strategies involve manipulating the surface and 

topography of the sensor to control the phenotypes of cells adhered to the sensor surface to 

facilitate tissue reintegration.63,64  

The above strategies rely on altering the phenotype and behavior of the infiltrating 

cells. Pores, micropatterning, and matting each affect wound healing progression by altering 

cell attachment to the implant.63–65 Multiple studies appear to converge on ~35 µm pore sizes 

prompting a reconstructive macrophage phenotype and a lessened FBR.63 Of note, this 

texturing appears to subtly alter the FBR rather than causing changes. For example, Singh et 

al. grew primary monocyte-derived human macrophages on microtextured surfaces (i.e., 

microgrooves or micropillars) to assess their influence on polarization. While the surface 
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texture did not result in notable differences in concentrations of various inflammatory 

biomarkers (i.e., IL-1β, IL-1RA, IL-12, CCL18, TNFα), differences in phagocytotic rates, 

transcription, translation, and in cell morphology were noted.66 Wang et al. also reported that 

nanotexturing significantly impedes macrophage fusion, showing the promise of 

nanotexturing for lessening foreign body reactions.67 

A number of chemical agents have been released from implants to induce anti-

inflammatory effects. For example, dexamethasone, a corticosteroid, has been used to 

promote more favorable wound healing and a higher proportion of M2 macrophages.68–73 

Ward et al. developed an implantable glucose sensor featuring dexamethasone release using 

a low pressure osmotic pump.74 These implants resulted in positive histological outcomes for 

wound healing when compared to controls. The release of dexamethasone in this manner was 

such that immune suppression was avoided upon accumulation in the implant pocket. Given 

that dexamethasone also suppresses angiogenesis, concurrent exposure to dexamethasone 

and an angiogenic agent (e.g., VEGF, TGFB) were also of interest.75,76 However, the challenges 

of a dual release system currently preclude their usage for in vivo sensor systems. 

 

1.3 Nitric Oxide 

1.3.1.  Nitric Oxide and Endogenous Activity 

 The use of nitric oxide in an active release strategy has shown promise for continuous 

glucose monitors.77–79 Nitric oxide (NO) is a diatomic gas molecule that serves several 

biological roles including intercellular communication, neurotransmission, and both 

antibacterial and tumoricidal action. Most relevant to this dissertation, however, are NO’s 

roles in angiogenesis, inflammation, and vasodilation. Importantly, these three physiological 

pathways are important to wound regulation and will be discussed herein. 

    Through the transformation of L-arginine, NO is produced endogenously (in the body) 

via one of three enzymes: the nitric oxide synthases (NOS). Two NOS enzymes are 
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constitutively expressed and continually produce nitric oxide (nNOS/NOS1, the neuronal 

nitric oxide synthase; and, eNOS/NOS3, the endothelial nitric oxide synthase). The third NOS 

enzyme, iNOS/NOS2, the inducible nitric oxide synthase, is expressed only in response to an 

inflammatory event. Of the NOS species, NOS2 is notable because it produces a much greater 

concentration of NO, in the nM-µM range, compared to a pM-nM range for NOS3. 

Additionally, it is most commonly expressed in pro-inflammatory macrophages which are 

released as part of their respiratory burst and meant to degrade local foreign bodies and 

pathogens.18,80 Evolved NO can modify existing proteins in the environment through 

nitrosation, modifying free thiols on cysteine residues into RSNO moieties, creating S-

nitrosothiols that spontaneously release NO with heat, light, Cu2+, or via reduction by a free 

thiol. In this respect, the nitrosation acts as a form of post-translational modification and may 

alter protein activity, including enzyme kinetics and signal transduction, showing NO’s 

influence in physiology.81,82 

 

1.3.2. Exogenous Nitric Oxide Delivery 

 The simplest way to deliver NO exogenously is via a gas cylinder. Gaseous NO has been 

used in healthcare settings, such as in antipathogenic treatment in the lungs of cystic fibrosis 

patients.83,84 However, this form of delivery necessitates a gas cylinder that precludes localized 

release (i.e., from the surface of an implanted sensor).85 To circumvent this limitation, NO 

may be derived chemically using an NO donor. The two most promising NO donors for in situ 

applications include S-Nitrosothiols (RSNOs) and N-diazeniumdiolates (NONOates). The 

NONOates are formed by reacting secondary amines with high pressures of NO gas in basic 

conditions, creating a structure that releases two molar equivalents of NO via hydrolysis. 

Conversely, RSNOs are formed by the nitrosation of thiol groups. Nitric oxide is released upon 

cleavage of the S-N bond in the presence of heat, light, Cu2+, or through a thiol-thiol linkage. 

The use of NO donors importantly grants tunable control over the NO-release flux. As NO is 
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released from both S-nitrosothiols and N-diazeniumdiolates via decomposition, altering the 

structure and stability of the molecule allows tuning of the kinetics of NO release.  

 Improving on small molecule NO donors, macromolecular scaffolds have been created 

and modified with NONOates or RSNOs to store and release NO.  Macromolecular scaffolds 

improve NO release by allowing greater NO storage and more complexity in tuning release 

kinetics while retaining tunability of release. Examples include silica nanoparticles,86–88 

hyperbranched polymers,89 and chemically modified biopolymers (e.g., polysaccharides).90,91 

The usage of biopolymers, in particular, allows for a biocompatible platform that can be 

readily degraded by the body (e.g. amylases degrading NO-releasing polysaccharides), 

preventing bioaccumulation and deleterious effects. 

 These NO-releasing molecules may then be decorated on implants through physical 

entrapment in polymer matrices.  Kinetics of the nitric oxide release is modulated through 

parameters of the polymer including its hydrophobicity, thickness, and how much of the NO-

releasing material it contains.92,93 Choice of the polymer matrix may also improve 

biocompatibility or affect the leaching of entrapped macromolecules.63,64,94,95  

 

1.3.3. Nitric Oxide in Wound Healing & Inflammation  

 Endogenous NO release is facilitated most commonly through NOS enzymes. Using 

inflammatory stimuli (e.g., LPS, IFNγ) results in iNOS expression, producing large fluxes of 

NO. An endogenous release may also be modulated through knockout experiments or the use 

of either NOS inhibitors or NO scavengers. In contrast, exogenous NO may be introduced 

within polymers using NO donors or from a gas cylinder. Either of these two strategies may 

enable the examination of the role of NO in a biological setting. For the scope of this 

dissertation, a brief look at NO’s role in wound healing follows. In particular, both endogenous 

and exogenous NO release have been linked to altering the host angiogenic response, collagen 

deposition, and chemokinesis of various cell types.  
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 The first observed endogenous effect of NO involved its discovery as the endothelium-

derived relaxing factor, for which it was recognized as molecule of the year in 1992 and 

subsequently led to the 1998 Nobel Prize in physiology.96,97 Since then, NO’s role in 

angiogenesis has been the subject of many studies, most of which its positive feedback of other 

angiogenic factors, such as VEGF and TGFβ.98,99 Another important pathway involves the 

regulation of cGMP, a known regulator of vasodilation.100 Given that NO’s most common 

target, soluble guanylyl cyclase (sGC), is a key intermediary in the cGMP cycle, NO has been 

observed to activate sGC, resulting in increased cGMP activity and increased angiogenic 

response.101,102 The angiogenic response is modulated by angiostatin, an endogenously-

produced inhibitor. Matsunaga et al. investigated the link between angiostatin production and 

NO formation.103 Through testing with the NOS inhibitor L-NAME, they discovered a negative 

correlation between iNOS activity and the concentrations of angiostatin and the two MMPs 

responsible for angiostatin production, MMP-2 and MMP-9.103 

 Similarly, NO has also been found to inhibit wound collagen synthesis. Park et al. 

induced inflammation with turpentine in a wounded rat model and controlled NO release with 

an iNOS inhibitor.104 By quantifying the production of hydroxyproline, an amino acid found 

primarily in collagen, it was observed that the inhibition of iNOS led to an increase in 

hydroxyproline concentration under inflammatory stress. Shukla et al. also observed 

increased collagen deposition in a wounded rat model when inhibiting iNOS, as observed by 

hydroxyproline concentration and histology.105 They additionally probed the effect of 

increased NO concentrations, using either the NO donor sodium nitroprusside or a bolus of 

L-arginine to induce endogenous NO production. 105  Decreased collagen formation was 

observed, supporting a negative correlation between NO release and collagen deposition.105 

Both of these studies corroborate observations reported by Cao et al., who observed increased 

NO concentrations leading to lower hydroxyproline in a chondrocyte model but with both 

proline and methionine incorporation suggesting that the protein translation rate is 
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independent of NO.106 This led to the hypothesis of a possible post-translational modification 

of hydroxyproline by NO as a cause for the observed collagen decreases in both histological 

and hydroxyproline-based investigations. 

 Given NO’s roles in intercellular communication, work has been carried out to 

investigate NO’s influence on proliferation and movement.107–109 Generally, low 

concentrations of NO have been linked to cell proliferation and high doses to decreased cell 

density, apoptosis, cell toxicity. This behavior mirrors the low NO doses associated with anti-

inflammatory action and eNOS as well as the high doses associated with increased 

inflammation and NO production by iNOS. Given the diversity of cells in a wound bed, a cell 

can have many responses as a result of NO exposure. For example, fibroblasts and T-cells are 

observed with reduced proliferation in response to NO whereas keratinocytes have been 

reported to proliferate with NO.108,110 Importantly, NO promotes endothelial cell proliferation, 

linking NO’s angiogenic response to its active recruitment of endothelial and smooth muscle 

tissue.98,99,107 The expression of chemokines is also affected by NO. As chemokines directly 

influence cell homing towards a possible wound bed, this implicates NO in cell migration. The 

chemokine IL-8/CXCL8 in particular, mainly associated with neutrophil recruitment, has 

both been linked to the progression of inflammation and upregulated by NO. In one such 

study, Villarete and Remick examined the IL-8 production of whole blood exposed to 

DETA/NO or induced to produce NO through LPS exposure, and found a concomitant 

increase in IL-8 production.111 Conversely, the use of L-NAME to inhibit NOS or DMSO to 

scavenge NO led to a decrease in IL-8 concentration.111 

 Though these studies explore the possible role of NO in wound healing, gaps still exist. 

Specifically, these studies were carried out in a binary fashion, interrogating with endogenous 

NO release or the addition of an NO donor, or without NO release, through knockout models 

or NOS inhibition. These methods of analysis leave unanswered questions regarding the 

appropriate NO dosage or the optimal NO-release kinetics needed to produce favorable wound 
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healing outcomes. For example, Seo et al. used either of two NO donors, DETA/NO (t1/2 ~ 56 

h) and SIN-1 (t1/2 ~ 4 h), at the same concentrations to observe differences in the IL-8 

production of gastric epithelial cells in response to NO.112 While the Griess assay determined 

that the concentration of NO released had been statistically indistinguishable throughout the 

experiment, DETA/NO was shown to induce IL-8 expression earlier than SIN-1. After 24 h, 

DETA/NO also induced a two-fold upregulation of IL-8 compared to SIN-1, eluding to the 

importance of slower NO release for reducing inflammation.112 This study highlights the need 

for further inquiries into the effects of NO-release kinetics and dosage on NO-induced 

immunomodulation. 

 

1.3.4.  Nitric Oxide Release in Implantable Technology 

 To exploit its pro-wound healing capabilities, exogenous NO release has been paired 

with implantable devices to reduce the FBR and improve device lifetimes.77–79,113–116 The 

earliest such study was reported by Gifford et al., in which an implantable glucose sensor was 

impregnated a low molecular weight NO donor (dibutyldihexamine diazeniumdiolate; 

DBHD/N2O2) to release NO continuously at the sensor-tissue interface during the 

implantation.77,117 Using histological analysis, it was discovered that NO led to an anti-

inflammatory effect, particularly in the infiltration of inflammatory cells and less necrotic 

tissue at the site of insult. Three days post-implantation, NO-releasing sensors had fewer 

reported false negatives and false positives compared to control sensors, as shown by a Clark 

Grid Error Analysis.77 However, this period of implantation indicated little about wound 

healing and sensor performance at timepoints beyond the limit of commercial CGMs. 

 Gifford’s original studies have since been expanded upon. For example, the 

Schoenfisch lab has changing the composition of the polymer membrane and the NO donor 

allows for tunable NO release to levels that lessen the FBR, as monitored through the collagen 

capsule density, inflammatory cell density, and angiogenesis (Figure 1.3).93,94,113,115 Research 
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to date supports that NO reduces FBR response and the effect is dependent on the NO-release 

duration, as demonstrated in Table 1.1. Although NO has been used to improve the 

biocompatibility of other implants, such as reducing thrombosis at a catheter surface and 

reducing catheter-associated urinary tract infections,64,118–121 the rest of this dissertation will 

be focused on NO’s application in glucose sensing.  

Nichols et al. investigated NO's effect in an implantable system by using microdialysis 

in a murine model.114 A microdialysis device was implanted subcutaneously with a saturated 

NO solution flowing out of the implant into tissue. Glucose was quantified in the collected 

dialysate to track how NO affected the developing collagen capsule, and specifically the 

corresponding glucose diffusion. Nichols et al. reported from 14-28 days, the glucose recovery 

in the system with NO was higher than that of the blank control. Supporting histology showed 

reduced leukocyte infiltration with NO release relative to controls. 

In 2014, Soto et al. reported on the in vivo analytical performance of NO-releasing 

sensors versus controls in a swine model,78 recognized for both similar wound healing 

properties and blood flow to humans.122–124 By implanting control and NO-releasing sensors 

along the back of the swine, both histology and sensor performance data were simultaneously 

collected and correlated. Sensor performance, as represented by the mean absolute relative 

deviation (MARD) between measurements, was shown to be lower for NO-releasing sensors 

but only for as long as the NO release persisted.  

With the effect of NO on glucose recovery established, Nichols et al. employed a 

porcine model in their next investigation to determine the effect of NO-release kinetics and 

duration on the foreign body response.115 Implants were coated with polyurethanes 

impregnated with NO donors and in changing the identity of the NO donor, the FBR was 

evaluated over 6 weeks of implantation as a function of variable NO-release kinetics and 

duration. It was observed that NO release resulted in thinner collagen capsules and less 

inflammatory cell infiltration, compared to controls. Importantly, these pro-wound healing 
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outcomes were associated with extended NO-release durations, as implant outcomes 

approached the control FBR response after the exhaustion of the NO source, demonstrating 

the importance of slow and sustained NO release.115  

This study was followed up with investigations in a hyperglycemic porcine model, 

employing streptozotocin to kill the insulin-producing beta cells in the pancreas, impeding 

insulin production to simulate diabetes physiology.79,116,125 As wound healing can be impaired 

by disease state, a more aggressive inflammatory response, and decreased angiogenesis were 

anticipated and observed. Two independent studies have since supported NO’s role in 

improving sensor analytical biocompatibility in more diabetic porcine tissue for as long as the 

NO is released, with a current maximum release length of 30 days (Figure 1.4).79,116 

 

1.4 Scope of this Dissertation 

Nitric oxide is clearly a promising active release agent for improving CGMs; however, 

current research has several gaps in understanding how NO influences the foreign body 

response at the cellular level. Specifically, while histology and sensor performance both 

support NO’s anti-inflammatory role, the specific mechanisms by exogenous NO leading to 

lessened FBR is still largely unexplored. Additionally, an understanding of NO dosage and 

NO-release kinetics in producing these mechanisms remains vague. Most in vivo studies have 

focused on the effects of release duration in lessening inflammation. Other studies have 

employed a total inhibition or knockout of NOS, or a single NO donor, with no consideration 

given to the NO-release kinetics or NO payloads. Elucidating the markers immunomodulated 

by NO and related mechanisms at the implant site may enable greater understanding of the 

optimal NO-release kinetics and dosage for maximum sensor lifetime and performance, and 

possibly result in more useful and predictive in vitro assays for interrogating the same 

questions systematically.  
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My dissertation work presented in the following chapters all address methods to 

increase our understanding of NO’s mechanisms. As macrophages and their relatively strong 

glucose consumption can confound glucose measurements, Chapter 2 investigates techniques 

for examining glucose consumption of macrophages as a function of both polarization state 

and NO. Chapter 4 investigates the effects of NO on macrophages and fibroblasts, the key 

players responsible for driving the wound healing process. Through the quantification of MMP 

activity, the relationships between MMP activity, inflammation state, and NO release are 

explored. Chapter 3 explores the use of genetic and protein analyses for supplementing 

historical histology data and providing deeper insight into what expression changes 

exogenous NO produces as a function of diabetes and implant period. Finally, Chapter 5 

contains a summary of the dissertation work and suggests new directions for future studies. 
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1.5 Figures and Tables 

 

Figure 1.1. The foreign body response, wherein the proteins and cells hone to the surface 

of the implanted biomaterial over time. Reproduced with permission.21 Copyright © 2013, 

Nature Publishing Group, a division of Macmillan Publishers Limited. All Rights Reserved.  
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Figure 1.2. The foreign body response results in protein and leukocyte adhesion, and 

eventual encapsulation in an avascular collagen capsule unto the implant. Reprinted with 

permission from Nichols, S. P.; Koh, A.; Storm, W. L.; Shin, J. H.; Schoenfisch, M. H. 

Biocompatible Materials for Continuous Glucose Monitoring Devices. Chem. Rev. 2013, 113 (4), 

2528–2549. Copyright 2013 American Chemical Society.63  



21 

 

Figure 1.3. The foreign body response brings inflammatory cells to the surface of an 

implanted glucose sensor and will eventually isolate that implant in a collagen capsule, 

impeding glucose transport and thus detection. Using a glucose sensor decorated with NO-

releasing macromolecules, a lessened foreign body response is observed, with increased 

vascularization, fewer inflammatory cells at the site of insult, and a thinner collagenous 

capsule. Adapted with permission from both [1] Soto, R. J.; Hall, J. R.; Brown, M. D.; Taylor, J. 

B.; Schoenfisch, M. H. In Vivo Chemical Sensors: Role of Biocompatibility on Performance and 

Utility. Anal. Chem. 2017, 89 (1), 276–299. Copyright 2017 American Chemical Society.;64 and 

[2] Nichols, S. P.; Koh, A.; Storm, W. L.; Shin, J. H.; Schoenfisch, M. H. Biocompatible Materials 

for Continuous Glucose Monitoring Devices. Chem. Rev. 2013, 113 (4), 2528–2549. Copyright 

2013 American Chemical Society.63 
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Table 1.1. A summary of in vivo investigations on the effect of NO-release duration on 

therapeutic outcomes of implanted sensors. 

 

[NO]max – Maximum NO flux obtained 

td – Reported NO release duration 

* denotes [NO]max obtained from the day 1 NO flux 
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Figure 1.4. Histopathological images from a euglycemic porcine compares tissue response 

of NO- (A, C, and E) and non-releasing (B, D, and F) implants at 10 days post-implantation 

using Masson’s trichrome to assess collagen capsule density (blue = collagen fibers; A and B), 

hematoxylin and eosin to quantify inflammatory cell infiltration (purple = inflammatory cell 

nuclei; C and D), and CD31 immunohistochemical staining to determine angiogenic response 

(brown open tubes = developing blood vessels; E and F). Asterisk denotes location of implant. 

Adapted with permission from work published by Soto et al.116 Copyright © 2017 Elsevier Ltd. 

All rights reserved. 
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CHAPTER 2 – ASSESSING GLUCOSE CONSUMPTION OF POLARIZED 
MACROPHAGES EXPOSED TO EXOGENOUS NITRIC OXIDE

 

2.1 Introduction 

Implantable glucose sensors for continuous glucose monitoring (CGM) are a 

promising technology for diabetes management, with numerous clinical trials demonstrating 

improved health outcomes for type 1 diabetic patients utilizing CGM technology.1–5 However, 

a consistent barrier to more widespread implementation of CGM is the foreign body response 

(FBR), an irregular wound healing response mounted to remove foreign objects from the 

body. The FBR begins with protein adhesion to the implant surface, leading to the recruitment 

of inflammatory cells (e.g., neutrophils, macrophages) to the implant site, the release of 

inflammatory mediators and reactive oxygen and nitrogen species (ROS and RNS, 

respectively), and ending in the eventual collagenous encapsulation and isolation of the 

implanted sensor from surrounding tissue.6–8 A combination of the physical destruction of the 

sensor from ROS and RNS exposure, the impediment of glucose transport by the collagen 

capsule, and its biofouling by proteins and surrounding cells all contribute to a reduction in 

sensor sensitivity and overall efficacy, rendering the sensor analytically nonviable (i.e., >10% 

daily sensitivity change) within weeks. To increase the effectiveness of CGM technology, 

researchers have explored how to minimize the effects of the FBR – from changing the 

topography or composition of the implant to the release of anti-inflammatory agents from the 

implant surface.9–13 

A uniquely attractive method for reducing the FBR at the implantation site is through 

the release of nitric oxide (NO) from the implant surface. An endogenously produced 
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gasotransmitter, NO has been implicated in numerous biological processes, such as 

intercellular signaling, angiogenesis, and inflammation.14–18 Molecules engineered for the 

spontaneous release of NO (NO donors) can be doped into polymer membranes and released 

from the surface of an implantable glucose sensor, including both small molecule NO donors 

(e.g., DETA/NO, SNAP, S-nitrosoglutathione) and macromolecular scaffolds (e.g., NO-

releasing nanoparticles, dendrimers, hyperbranched polymers). The released NO promotes 

the reduction of inflammation, demonstrated by outcomes such as a decreased inflammatory 

cell count, decreased collagen thickness,  and increased angiogenesis, 19,20 Due to NO’s short 

in vivo half-life and subsequent travel distance, these effects are also uniquely localized to the 

area of release.21 Importantly, NO release has also been linked to improved sensor 

performance, with observable improvements in both glucose recovery and sensitivity 

retention.20,22–24  

Though NO release has been a beneficial addition to implantable sensors, little 

research has been done on the effect of exogenous NO on the phenotypes of the  cells present 

at the implantation site. Macrophages are of particular interest due to their varied roles in 

controlling the FBR process, including pathogen destruction and removal, the release of 

regulatory cytokines, and the recruitment of fibroblasts to the implant site for collagen 

deposition in the FBR’s resolution. Macrophage versatility stems from their phenotypic 

plasticity and depending on the microenvironmental stimuli present, macrophage phenotype 

can be polarized between pro-inflammatory (M1) and anti-inflammatory (M2) extremes. Pro-

inflammatory phenotypes are known to be induced by specific cytokines, including interferon 

gamma (IFN) and tumor necrosis factor alpha (TNF), and pathogenic markers, such as 

lipopolysaccharides (LPS) derived from bacterial cell walls. The response from M1 

macrophages consists primarily of the release of ROS and RNS for pathogen removal and the 

degradation of the foreign body. M2 macrophages perform diverse functions more generally 

associated with wound healing and proliferation, such as promoting angiogenesis and 
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modulating T-cell activity.25,26 While the literature suggests that a spectrum of activated states 

exists between the M1 and M2 phenotypes, as opposed to discrete states, and differential 

stimulant-dependent polarization states,25,27,28 the following discussion will refer to 

macrophage polarization using the M1/M2 activation dichotomy to simplify the complex 

relationships macrophages have with their environment. 

Besides having a critical role in the regulation of the FBR, macrophages also are unique 

barriers to CGM due to their high native glucose consumption. Novak et al. reported that the 

main contributor to signal decline in implanted glucose sensors over time is macrophage 

presence at the implant site.29 Macrophages have high metabolic requirements and thus 

readily consume local glucose, resulting in significantly larger signal declines when compared 

to the resultant decline from bulk erythrocytes. Klueh et al. supported this claim by showing 

that the addition of macrophages to the sensor environment produces a significant reduction 

in signal, while the addition of lymphocytes showed almost no signal change.30 Furthermore, 

implanted glucose sensors were characterized as having more stable signals over time in 

macrophage-deficient and macrophage-depleted mouse models compared to the wild-type.31  

To elucidate the processes behind deleterious macrophage effects on implants, we 

investigated macrophage polarization, particularly the effect of the ratio of M1/M2 cells at the 

implantation site. It has been demonstrated that macrophage polarization is linked with the 

expression of glucose transporters, wherein M1 macrophages show increased expression of 

GLUT1 and GLUT3 transporters.32–34 On the other hand, M2 macrophages show increased 

expression of genes associated with fatty acid oxidation and consume less glucose than M1 

macrophages.35,36 This allows polarization states to be differentiated via glucose consumption. 

With rational sensor design in mind, designing materials that reduce the count of M1 cells 

would minimize macrophage glucose consumption as a confounding factor in the sensor 

measurement, leading to improved sensor accuracy. Preliminary research suggests that 

implants with higher ratios of M2 to M1 cells at the implantation site show more favorable 



37 

wound reconstruction over time,37,38 supporting the idea that promoting an anti-inflammatory 

macrophage phenotype at the implant site will lead to the reductions in the FBR and the 

resultant negative sensor outcomes. 

Reports concerning NO-releasing glucose sensors have been primarily focused on the 

sensor accuracy and local histology, as opposed to NO’s effect on interfering glucose 

depletion.20,23,24,39–41 The first study to probe this question was reported by Nichols et al., who 

used a rat model in which a saturated solution of NO was flowed into an implanted dialysis 

probe, to ascertain NO’s effect on the interstitial glucose able to be detected at the sensor.22 

Compared to control probes, with NO exposure the glucose recovered in the dialysate was 

significantly higher from 7 days post-implantation onward, and the inflammatory cell density 

was nearly halved at 14 days post-implantation.22 These data together imply that NO likely 

produces higher glucose recovery by altering the local cell density. However, there remains a 

paucity of studies on NO’s effect on macrophage polarization and the associated changes in 

glucose consumption. 

 To address this lack of clarity, we developed two different assays to monitor 

macrophage glucose consumption with the intention of elucidating the combined effects of 

NO exposure and macrophage polarization. The first was the use of a macrophage-embedded 

fibrin gel as a scaffold for continuous glucose monitoring. As reported by Novak et al., using a 

3D macrophage scaffold allows the simulation of an implant site and through the use of an 

intrascaffold CGM, glucose consumption of macrophages can be monitored in real-time, with 

the goal of monitoring macrophages using an NO-releasing sensor to monitor NO-affected 

glucose consumption.42 The second assay utilizes the fluorescent tracer 2-NBDG, a glucose 

molecule tagged with a fluorescent 7-nitrobenzofurazan moiety that has been previously used 

to monitor glucose uptake in both bacteria and mammalian cells.42–46 Using fluorescence 

measurement, we can observe differential accumulation of 2-NBDG, as a function of NO dose 

and polarization state. 
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2.2 Materials and Methods 

2.2.1  Materials 

Sodium nitrite, lipopolysaccharides derived from E. Coli 055:B5 (LPS), 

dexamethasone (Dex), N-acetyl-D-penicillamine (NAP), diethylenetriamine (DETA), glucose 

oxidase (GOx; type VII from Aspergillus niger, > 100,000 units g-1), and Antifoam B Emulsion 

were purchased from Sigma Aldrich. A cylinder of nitric oxide gas (99.5%) was purchased 

from Airgas. Hydrochloric acid, 10% neutral buffered formalin, 200 proof ethanol, and 

dimethylsulfoxide (DMSO) were purchased from Fisher Scientific. The murine macrophage-

like cell line, RAW 264.7, was obtained from the American Type Culture Collection (ATCC). 

The glucose tracer 2-NBDG was purchased from Cayman Chemical and stored as a solution of 

15 mg/mL in ethanol. Silver wires (0.005” diameter) and platinum-iridium wires (Pt-Ir; 

0.005” diameter with 0.003” PTFE coating) were purchased from A-M Systems. Macrophages 

were cultured in either 1X DMEM (4.5 g/L glucose; Gibco) or glucose-free 1X DMEM (Gibco), 

both supplemented with 10% fetal bovine serum, 100 IU/mL penicillin, and 100 μg/mL 

streptomycin, at 37 °C and 5% CO2 in a fully humidified incubator. Only macrophages at 

passages 5-15 were used in the following experiments. All chemicals were used as received 

unless otherwise stated. All other materials were obtained from commercial vendors and used 

without further purification.  

 

2.2.2 Synthesis and Characterization of NO Donors 

S-Nitroso-N-acetylpenicillamine (SNAP) was used as an NO donor, releasing NO 

primarily through heat-initiated decomposition. The synthesis was adapted from work done 

by Chipinda and Simoyi.47 Briefly, 0.478 g of NAP was added to a stirring solution of 10 mL 

H2O and 0.5 mL 5M HCl in a round bottom flask on ice. To the mixture, 0.176 g of NaNO2 was 

added (1:1 molar ratio) and left to react in the dark for 40 minutes. After 40 minutes, 5 mL of 
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acetone were then added to the solution, which was then left another ten minutes to react. The 

product was recovered after the reaction via vacuum filtration, where it was washed twice with 

ice-cold water and twice with ice-cold acetone, and then dried under vacuum in the dark for 2 

hours. Product was then stored at -20 °C until use. 

Alongside SNAP, DETA was diazeniumdiolated to DETA/NO, adapting previously 

reported protocols. Briefly, DETA was dissolved in acetonitrile at 33 mg/mL and placed into 

a Parr stainless steel bomb. The bomb was purged with argon gas to remove dissolved oxygen 

and the mixture was left stirring under 145 psi NO gas for 3 days. Following the 3 days, the 

NO gas was purged from the reaction vessel with six argon flushes to remove residual NO. The 

product was then isolated through vacuum filtration, washed twice with cold diethyl ether, 

dried under vacuum overnight, and stored at -20 °C until used. 

The NO-release kinetics for SNAP were characterized with a Zysense Nitric Oxide 

Analyzer (NOA). Briefly, 30 mL of 10% FBS in PBS were added to a reaction vessel and purged 

for at least 30 minutes with nitrogen gas. A bolus of the NO donor was added to the reaction 

vessel, wherein the NO donor would release NO spontaneously. Using nitrogen as a carrier 

gas, the liberated NO is carried into the NOA, where it is reacted with ozone in a reaction 

chamber, creating an activated species that liberates a photon to a photomultiplier tube for 

detection. This chemiluminescence signal serves as the transducer for NO release. For the 

measurement of the SNAP, the round bottom flask was kept at 37 °C with a water bath and 

covered with aluminum foil to prevent unwanted NO release. In addition, 30 mL of Antifoam 

B Emulsion were added to the round bottom to reduce foaming associated with the addition 

of FBS. 
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2.2.3 Electrochemical Sensor Fabrication and Characterization 

Glucose sensors were adapted from the Wilson laboratory’s original design for 

subcutaneous needle-based sensors, as previously reported by members of the Schoenfisch 

lab (Figure 2.1).23,48,49 Briefly, 400 mm of silver wire was coiled and then incubated in a 

saturated solution of FeCl3 to catalytically convert the surface to AgCl, allowing for use as an 

Ag/AgCl reference electrode. A platinum-iridium (Pt-Ir) wire was fed through the coiled 

reference. The exposed Pt-Ir wire serves as the working electrode. An epoxy bead was then 

deposited on the tip to improve the rigidity of the sensor for insertion into the hydrogel for the 

assay.  

To functionalize the sensor for glucose detection, a sol-gel was made by mixing 25 µL 

methyltrimethoxysilane (MTMOS) and 100 µL ethanol with 50 µL of a solution of 9 mg of 

glucose oxidase (GOx) in 75 µL of water. The sol was then aged for at least 5 minutes before 

dip-coating the sensors in the solution through 15 dips (5 seconds submerged in sol-gel, 10 

seconds in between dips). Once coated, the GOx at the sensing surface is capable of oxidizing 

glucose and reducing oxygen, yielding hydrogen peroxide. Hydrogen peroxide is then detected 

amperometrically at +0.6 V, as an indirect measure of glucose concentration. Glucose sensors 

are often limited by the high concentration of glucose relative to the low concentration of 

dissolved oxygen, leading to saturation in the activity of the enzyme. To circumvent this 

limitation, a polyurethane layer was coated onto the sensor atop the GOx layer to differentially 

control the diffusion of oxygen and glucose to the sensor surface. The polyurethane 

composition used was a loop-casted 50 mg/mL Tecophilic (HP-93A-100) for a total of 7 coats, 

followed by a topcoat of 30 mg/mL 3:1 Carbothane (PC3585A):Tecophilic in 3:1 THF:DMF 

applied via a single dip-coat. Each layer applied to the sensor was dried for at least 1 hour 

before application of subsequent layers. All electrochemical characterization discussed herein 

was  performed using a CH Instruments potentiostat, measuring current continuously with a 
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static applied potential of +0.6 V vs Ag|AgCl. Sensors were calibrated in 1X PBS with glucose 

challenges. Sensitivity retention was characterized by daily glucose calibrations and storing 

electrodes in 10% FBS at room temperature overnight in between calibrations. 

 

2.2.4 Continuous Glucose Monitoring in a Macrophage-Embedded Fibrin Gel 

 The creation of the 3D gel scaffold was adopted by the report from Novak et al.42 

Briefly, macrophages were plated in a culture flask and were either grown unstimulated or 

stimulated with either 1 µg/mL LPS, 0.1 µM dexamethasone, or 10 ng/mL IL-4. After 24 hours, 

RAW 264.7 macrophages were suspended in 1X DMEM at 4.2 x 106 cells/mL. 480 µL of the 

macrophage suspension (or 480 µL 1X DMEM for the acellular gel) were mixed with 100 µL 

Matrigel, 200 µL of 10 mg/mL fibrinogen in PBS, 200 µL of 2X DMEM, and 20 µL of 10 U/mL 

thrombin. The mixture was left uncovered at 37 °C for at least 45 minutes to solidify, yielding 

a cell scaffold with a macrophage density of 2 x 106 cells/mL, simulating the density of 

recruited macrophages at an implant site. This gel was submerged in a petri dish containing 3 

mL of low glucose 1X DMEM and a sensor was inserted into the gel scaffold for continuous 

glucose measurement. Of note, the first 4 hours of measurement were taken as the electrode 

polarization time. The change in current is reported for all gel experiments as the 

instantaneous current relative to the current at the 4-hour time point. 

 

2.2.5 Measuring Glucose Consumption with 2-NBDG 

Macrophages were plated overnight on a 24-well plate at 0.5 x 106 cells/well. The wells 

were then co-incubated for 24 h with a combination of either 1 µg/mL LPS or 0.1 µM 

dexamethasone and either an NO donor or its corresponding non-releasing scaffold. For this 

study, 5/50/500 µM SNAP or NAP, or 0.02/0.2/2 mg/mL DETA/NO or DETA were used. 

Wells with no scaffold served as either the M(-) control (i.e., unstimulated), the M1 control 

(i.e., LPS), or the M2 control (i.e., dexamethasone). Following stimulation, macrophage 
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cultures were washed with 1X PBS and incubated in glucose-free DMEM for 30 minutes. After 

removing the glucose-free DMEM, a solution of 100 µM 2-NBDG in glucose-free DMEM was 

added to the experimental wells for a 10-minute incubation. Control wells of each stimulation 

condition were made by omitting the 2-NBDG and re-incubating for 10 minutes in blank 

glucose-free media. Following the incubation, the cells were washed with 1X PBS and fixed 

with 10% formalin for 15 minutes, to prevent enzymatic degradation of 2-NDBG. The formalin 

solution was exchanged with PBS and cells were either imaged on an Olympus IX81 inverted 

microscope or were mechanically removed from the plate for analysis on a Thermo Fisher 

Attune NxT flow cytometer.  

 

2.3 Results and Discussion 

2.3.1 Electrode Characterization 

 Glucose biosensors were fabricated to serve as the glucose consumption transducer in 

the assay. To function appropriately, biosensors were required to detect glucose reproducibly 

in a linear dynamic range that exceeds 6 mM glucose, as the low glucose media that the system 

would be submerged in has a glucose concentration of 5.6 mM. Sensors were calibrated in PBS 

against glucose injections (Figure 2.2). Polyurethane compositions were evaluated, 

identifying an optimal seven layers of HP-93A-100, which provided a glucose sensitivity of 

5.14 ± 3.51 nA/mM and a linear dynamic range of from 0-7.8 ± 2.6 mM glucose. Another 

important parameter for these sensors was their sensitivity retention (Figure 2.3). As the 

measurement would take place over the course of at least 24 hours, it was important to assess 

that the sensitivity of the sensor would not decline dramatically during electrochemical 

measurement. After 3 days of incubation in proteinaceous media, it was found that the daily 

sensitivity change was less than 10%, falling in line with current ISO standards concerning 

CGM technology.50 
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2.3.2  Intrascaffold Analysis of Polarized Macrophages 

Initial testing of macrophages compared glucose consumption of M(-) macrophages 

and the sensor response in an acellular gel (Figure 2.4A). As expected, the signal change was 

greater with the macrophages consuming glucose, with a relative current of ~0.4 for the 

macrophage containing gel. Importantly, this relative current matches closely with what was 

observed by Novak et al. for unstimulated macrophages.42 The signal from the acellular gel 

was ~0.6. This change in current from baseline implies either glucose consumption or a higher 

baseline for our platform, compared to Novak et al., who found a relative current of ~0.9.42 

Having distinguished the glucose consumption between the acellular gel and 

unpolarized macrophages, we explored the use of polarized macrophages in the scaffold, 

expecting a decrease in glucose consumption for anti-inflammatory macrophages and vice-

versa. First, both dexamethasone and IL-4 were used to induce M2 phenotypes in the 

macrophages (Figure 2.4B) and dexamethasone in particular was shown to reduce the glucose 

consumption of macrophages to a current output matching that of the acellular gel. When 

surveying the M1 macrophages, however, the glucose consumption of the M(LPS) 

macrophages only reported a relative current of ~0.4 (Figure 2.5). This reported current is at 

the same level as the M(-) system, showing that our platform was not able to differentiate 

between M(-) and M1 macrophages. A macrophage pre-incubation of 1 µg/mL LPS and 50 µM 

SNAP was also not able to elicit a significant difference to the M(LPS) cells and thus the M(-) 

cells. 

 

2.3.3 Fluorescence Measurement of 2-NBDG 

Parallel to the in situ glucose monitoring, in vitro assays were developed to assess the 

glucose consumption of cultured macrophages using 2-NBDG, a fluorescent glucose analog 

used through the literature to assess glucose uptake.43–46 Indeed, the study by Novak et al. also 

used 2-NBDG to corroborate the trends observed with their sensing platform.42 Though 2-
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NBDG interacts differently with the GLUT1 glucose transporter in comparison to native 

glucose,44 quantifying how its transport is affected by NO and macrophage polarization would 

allow inference on the transport of glucose. For this series of experiments, SNAP was used to 

deliver NO to the cells, rapidly liberating NO in proteinaceous media likely due to interactions 

between SNAP and the free cysteine residues on the proteins, compared to its slow liberation 

of NO in PBS. Quantification via the NOA showed NO doses of 300 µM NO for 500 µM SNAP, 

30 µM NO for 50 µM SNAP, and 3 µM for 5 µM SNAP in proteinaceous media. 

Initial studies of 2-NDBG relied on fluorescence microscopy to visually confirm 2-

NBDG buildup in the macrophages (Figure 2.6). Fluorescence intensity was quantified from 

the micrographs using pixel analysis, wherein light intensity from the pixel is a direct 

representation of fluorescence. A mean fluorescence intensity (MFI) would then be calculated 

to represent the glucose consumption of the macrophage population.  It was found that using 

5 µM SNAP could reduced the glucose consumption of M1 macrophages by as much as half, 

implying a reduction in pro-inflammatory behavior. Fluorescence microscopy however was 

prone to poor reproducibility due to background from the well plates and user variance during 

manual identification of cells. This issue of reproducibility, paired with the large number of 

cells, prompted us to employ flow cytometry as another semi-quantitative technique for 

assessing uptake of 2-NBDG.  

The assay was initialized on the flow cytometer by comparing the MFIs of the M(-), 

M1, and M2 controls (Figure 2.7). A clear ~2.5-fold increase in glucose consumption is 

observed between the M1 cells and both the M2 and M(-) populations while no difference was 

observed between the M(-) and M2 cells, agreeing with data collected by Novak et al.42 and 

shows that the assay was able to detect large differences in glucose consumption. After 

validating with controls, experiments studying the glucose uptake in the presence of 

exogenous NO were conducted. Interrogation of M1 and M2 cells co-stimulated with SNAP or 

NAP then showed that though SNAP was able to alter the glucose consumption of 
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macrophages, a significant difference between SNAP and NAP was not observed (Figures 2.8 

and 2.9). In particular, M1 + 5 µM SNAP had ~60% less glucose consumption than the M1 

population and M2 + 500 µM SNAP was able to increase glucose consumption by ~60%, 

relative to the M2 population, agreeing with the available literature on NO’s effects on 

inflammation, wherein higher concentrations of NO (µM-nM) are associated with the 

inducible nitric oxide synthase and pro-inflammatory conditions. 

As an alternative data analysis procedure, we also explored using the mode 

fluorescence intensity to characterize differences between populations. Using the mode as our 

measure of central tendency allowed us to use the maximum fluorescence signal of our 

population, which led to higher signal-to-noise ratios. Preliminary testing showed that with 

the mode fluorescence intensity, M2 + 500 µM SNAP cells showed a significant difference 

between the M2 control and the M2 + 5 µM SNAP (Figure 2.10). Additionally, when 

comparing the M2 + 500 µM SNAP cells and M2 cells, using the mode fluorescence intensity 

showed a similar increase to the relative MFI, showing the promise of this new analysis 

method in elucidating differences in glucose consumption. 

 

2.4 Conclusions and Future Directions 

Both of the assays described in this chapter attempted to elucidate the role of 

inflammation on macrophage glucose consumption. The 2-NBDG assay showed preliminary 

evidence supporting NO's possible therapeutic and inflammatory effects and continuous 

glucose monitoring in a 3D scaffold was able to differentiate M(-), M(IL-4), and M(Dex). 

Nonetheless, both assays can be improved to better quantify the relationship between NO 

exposure, macrophage polarization, and glucose consumption. First, a more robust 

characterization of the cells is imperative for correlating the glucose consumption to NO's 

effect on inflammation. Viability testing should occur on both platforms after exposure to NO, 

and after the sensing period on the 3D sensor platform, to correct for any changes in the cell 
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count that NO would produce, as the glucose consumption is proportional to the total number 

of cells. For viability measurements in the 3D gel specifically, while fluorescence live/dead 

staining (e.g., Calcein AM/Ethidium Homodimer) can be used for broad measurements, the 

gel can also be submerged in media to conduct a plate-based assay such as MTT/MTS or the 

lactase dehydrogenase assay, provided any incubation times are modified to account for 

diffusion through the scaffold. Lastly, inflammation and polarization markers (e.g., TNFα, 

IFNγ, CD163) should be surveyed alongside glucose consumption via gene or protein 

expression. Identifying NO-dose-dependent changes in the macrophage polarization state 

through expression changes of well-characterized biomarkers would aid in identifying 

concentrations at which glucose consumption is more likely to change and these data would 

elucidate the link between polarization state and glucose consumption.  

The intrascaffold glucose monitoring system can specifically be improved in a number 

of additional ways. Ultimately, the goal for the platform would be to use NO-releasing sensors 

to assess in real-time how NO release affects the glucose consumption of differently polarized 

macrophages. However, prior to analysis with NO, the sensing platform should be made to be 

more reproducible and in particular, should be able to better differentiate between 

dramatically polarized macrophages. Once the assay has been fully validated, modeling could 

allow us to extract more quantitative information from the interrogation of macrophages. 

Novak et al. have used two-compartment diffusion models to simulate glucose transport from 

bulk (i.e., blood), through the collagen capsule, and to the sensor surface.29,42,51,52 Using such 

a model with our system would allow determination of kinetic information for macrophage 

glucose consumption (e.g., Vmax, KM) and would allow us to support any conclusions of NO’s 

effect on macrophage glucose consumption with recognized kinetic parameters and how they 

change in response to NO. Lastly, as this platform is currently unable to differentiate M1 and 

M(-), identifying any saturation in the sensitivity or shrinking of the dynamic range over time 

could provide insights to the discrepancy we observed. For example, preliminary data shows 



47 

that the phenol red from the DMEM is a significant interferent in the electrochemical 

measurement and experiments done using PBS supplemented with 10% FBS can reduce the 

interfering background current. 

Assaying with 2-NBDG can also be made more robust. First, while 2-NBDG is a well-

characterized glucose tracer, others have been synthesized and reported on.53,54 Though they 

are considerably larger than 2-NBDG and would likely have more divergent transport through 

the glucose transporters compared to native glucose, these other tracers have much better 

quantum yields and are red-shifted relative to 2-NBDG, and thus will be less susceptible to 

biological autofluorescence.53 The resultant increase in signal-to-noise would allow for more 

precise quantitation of glucose uptake. Another improvement to be made is the transfer of 

cells from the well-plate to the flow cytometer. Due to the high adhesion of RAW 264.7 cells 

to the well plates, they were subject to either scraping or high hydraulic pressure to remove 

them from the plate surface. Such methods can cause damage to the cell membrane, allowing 

potential leakage of 2-NBDG. Using gentler removal techniques, such as well plates with 

thermally-activated cell release, will allow for better interrogation.  

Finally, it is critical that multiple NO-release kinetics be explored with this system to 

properly characterize NO’s role in glucose consumption. Given that existing reports confirm 

different phenotypical outcomes when using different NO-release profiles,24,40,41,55,56 it is likely 

that macrophage polarization would also be affected by varying the release kinetics. 

Preliminary data with using the relative MFIs of M1 + DETA/NO populations showed no 

statistical difference between the NO-releasing DETA/NO and the non-releasing DETA, 

similar to the measurements done with SNAP (Figure 2.11). However, again the glucose 

consumption with DETA/NO is being modulated compared to the M1 control, with decreasing 

glucose consumption observed at 5 µg/mL DETA/NO and increasing glucose consumption 

observed at 50 µg/mL. As DETA/NO has a much longer NO-release half-life, compared to the 

concentrations of SNAP surveyed in proteinaceous media, identifying whether the differences 
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in release kinetics are responsible for the different glucose consumptions between the SNAP- 

and DETA/NO-stimulated populations will help inform NO-release properties needed in vivo 

to specifically reduce the glucose depletion associated with macrophages at the CGM implant 

site. 

In conclusion, the analysis of NO-affected macrophage polarization is still a promising 

area of research. Given both the role of macrophages in directing the FBR and their variable 

depletion of local glucose, identifying which NO fluxes lead to either pro- or anti-inflammatory 

behavior is essential to the rational design of NO-releasing sensors. Especially if NO affects 

the polarization state of the macrophage, using NO release to reduce any interfering glucose 

consumption from cells present at the implantation site will allow for extended sensor 

lifetimes and improved accuracy in vivo. 
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2.5 Figures and Tables 

 

Figure 2.1. A schematic of our sensor set up. GOx is set on the electrode surface via an 

MTMOS sol-gel and a polyurethane barrier is set on top of it. Glucose and oxygen will diffuse 

through the polyurethane barrier to the enzyme layer where H2O2 is produced and detected at 

+0.6 V vs Ag|AgCl. 
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Figure 2.2. Representative calibration of a glucose sensor. After signal stabilization, 

glucose is injected. The current at that time point and glucose concentration is used for a 

calibration curve (glucose concentration (mM) vs current (nA)), as seen in the inset. 
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Figure 2.3. Sensitivity retention experiments were conducted by monitoring sensitivities 

of seven sensors incubated in 1X DMEM over a week, with each line represented a unique 

sensor. By the third day, sensitivity changes between consecutive days dropped to <10% a day 

for all but one sensor. 
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Figure 2.4. Sensors monitored glucose consumption in hydrogels containing different 

macrophage populations, with the average decline from the original signal plotted against 

time, shaded area representing standard error for N ≥ 3 sensors. A) M(-)-seeded hydrogels 

show a larger glucose consumption than acellular hydrogels. B) M(IL-4) and M(Dex)-seeded 

hydrogels show a possible decrease in both total glucose consumption and the rate of 

consumption. 
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Figure 2.5. Sensors monitored glucose consumption in hydrogels containing 

macrophages stimulated with either 1 µg/mL LPS or 1 µg/mL LPS and 50 µM SNAP, with 

the average decline from the original signal plotted against time and the shaded area 

representing standard error for N ≥ 3 sensors.  
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Figure 2.6. Fluorescence micrographs displaying differential 2-NBDG accumulation in 

macrophages as a function of polarization conditions. All images were acquired using the same 

exposure time. 
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Figure 2.7. Macrophages in M(-), M2, and M1 phenotypes were analyzed for 2-NBDG 

accumulation using the Attune NxT flow cytometer. Glucose consumption was measured 

relative to the M(-) population. Error bars represent standard error, N ≥ 4 trials. Statistical 

significance was calculated using 2-tailed heteroscedastic t-tests. ** = p < 0.005, compared to 

M(-) 
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Figure 2.8. Macrophages were co-stimulated with 0–500 µM SNAP (blue) or NAP (red), 

in addition to 1 µg/mL LPS were analyzed for 2-NBDG accumulation using the Attune NxT 

flow cytometer. Glucose consumption was measured relative to M1 without the addition of 

SNAP or NAP. Error bars represent standard error, N ≥ 4 trials.  
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Figure 2.9. Macrophages were co-stimulated with 0–500 µM SNAP (blue) or NAP (red), 

in addition to 0.1 µM dexamethasone were analyzed for 2-NBDG accumulation using the 

Attune NxT flow cytometer. Glucose consumption was measured relative to M2 without the 

addition of SNAP or NAP. Error bars represent standard error, N ≥ 4 trials.  
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Figure 2.10. M2 macrophages were co-stimulated with 0–500 µM SNAP or NAP, and were 

analyzed for 2-NBDG accumulation using the Attune NxT flow cytometer and plotted 

according to their average mode fluorescence intensities ± standard error of the mean for N ≥ 

3 trials. Statistical significance was calculated using 2-tailed heteroscedastic t-tests. * = p < 

0.05, ** = p < 0.005 
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Figure 2.11. Macrophages were co-stimulated with 0–500 µg/mL DETA/NO (blue) or 

DETA (red), in addition to 1 µg/mL LPS for 2-NBDG accumulation using the Attune NxT flow 

cytometer. Glucose consumption was measured relative to M(LPS), both without the addition 

of DETA/NO or DETA. Error bars represent standard error, N ≥ 4 trials.  
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CHAPTER 3 – ELUCIDATING BIOLOGICAL MECHANISMS OF IMPROVED 
HOST RESPONSE TO NITRIC OXIDE-RELEASING IMPLANTS

3.1. Introduction 

Nitric oxide (NO) is a diatomic gasotransmitter with multiple endogenous roles, 

including the facilitation of intercellular communication, the regulation of inflammation, and 

a promotion of wound healing via in angiogenesis.1–6 These characteristics have prompted the 

study of NO release to achieve anti-inflammatory and pro-wound healing outcomes an 

attractive area of research.7–10 In particular, the active release of NO from the outer sensor 

membrane of glucose biosensors has been investigated as a means to improve sensor 

performance by mitigating the host response.7–14 For transcutaneously implanted sensors, the 

improved sensor performance has been attributed to a reduced foreign body response 

(FBR).11,15 The FBR induces cell infiltration over time to neutralize the implant, notably 

through the efflux of reactive oxygen and nitrogen in attempt to destroy the foreign object and 

later isolate it by collagenous encapsulation. Though many strategies exist for addressing the 

FBR,11,15,16 NO release has unique advantages over most because sensor membranes need only 

modified via incorporation of NO donor.9,17–20 Due to a short half-life (seconds) and travel 

distance (~200 µm),21 NO has been shown to produce a uniquely localized effect.  

 The first studies concerning NO-releasing implantable glucose sensors employed a rat 

model in which these implants resulted in improved sensor accuracy, lower inflammatory cell 

infiltration and collagen capsule density, and increased markers of angiogenesis.7,8,14 More 

recent in vivo work has transitioned to the use of porcine models due to greater similarity to 

between human tissue responses and blood flow, and the higher potential to study the impact 
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of diabetes.22–24 These studies were shown to replicate similar behavior as seen in rats but at 

extended implant periods.9,10,13 Literature has indicated that sustained NO release is necessary 

to stave off the inflammation response and promote favorable wound healing.9,10,12 Though 

these studies support the utility of NO-releasing implantable sensors, the exact mechanisms 

through which exogenous NO acts on the surrounding tissue remain unclear. Elucidating 

these immune pathways may help identify strategies to refine NO payloads and release 

kinetics for optimal therapeutic efficacy. Herein, we present the first study examining the 

mechanisms that drive the host response from exogenous NO.  

 

3.2. Materials and Methods 

3.2.1 Materials 

 All materials were received as analytical grade and used as received unless otherwise 

noted. Sodium nitrite (NaNO2), triethylamine, cetyltrimethylammonium bromide (CTAB), 

concen- trated hydrochloric acid (HCl), diethylenetriaminepentaacetic acid, and 

glutaraldehyde purchased from Sigma-Aldrich (St. Louis, MO). Ethanol (EtOH), methanol 

(MeOH), ammonium hydroxide (NH4OH, 28 wt %), anhydrous N,N-dimethylformamide 

(DMF), anhydrous tetrahydrofuran (THF), RNAlater RNA Isolation Solution, and T-PER 

Protein Extraction Buffer were purchased from Fisher Scientific (Fair Lawn, NJ). 

Tetraethylorthosilicate (TEOS) and 3-mercaptopropyltrimethoxysilane (MPTMS) were 

obtained from Gelest (Morrisville, PA) and stored under nitrogen atmosphere. Polyurethanes 

HP93A and PC3585A were received as medical grade from Lubrizol (Cleveland, OH). Nitrogen 

(N2) and nitric oxide (NO) calibration gas (25.87 ppm, balance N2) were purchased from 

Airgas National Welders (Raleigh, NC). Water was purified using a Millipore water 

purification system (Bedford, MA) to a resistivity of 18.2 MΩ cm and a total organic content 

of < 6 ppb. 
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3.2.2 Particle Synthesis 

 Porous silica nanoparticles were synthesized as reported in previously published 

literature.12,20 Briefly, a bolus of TEOS was injected to a solution of ethanol, water, NH4Oh, 

and CTAB. Particles were washed with ethanol, isolated with centrifugation, and post-grafted 

with MPTMS, thiolating the interior and exterior of the particle. These particles were then 

nitrosated in a solution of acidified nitrite at 0 °C. Particles were synthesized and handled in 

the dark to prevent premature light-activated NO release. Non-releasing particles were 

synthesized in the same manner, omitting the nitrosation step. 

 

3.2.3 In Vivo Protocol  

All procedures and protocols were in accordance with institutional guidelines and 

approved by the Institutional Animal Care and Use Committee at the University of North 

Carolina in Chapel Hill. A single Sinclair piglet was included in this study and fed the Teklad 

Miniswine diet (7037; Teklad, Madison, WI).   

In this work, we evaluated local immunological mechanisms using a euglycemic 

porcine model.9,10,13 Briefly, mock sensors were coated with polyurethanes containing either 

NO-releasing or non-releasing nanoparticles. The mock sensor was designed to replicate the 

geometry and NO-release profile of an NO-releasing glucose biosensor, with an initial NO flux 

of roughly 6 pmol cm-2 s-1 that decreases to roughly 2 and 1 pmol cm-2 s-1 by day 7 and 14, 

respectively.12,20 These sensors were fabricated in a biosafety cabinet by first sterilizing steel 

wire in 5% glutaraldehyde for 1 h, and loopcasting (i.e., 6.5 µL solution applied using a 2 mm 

steel wire loop) 10 coats of 25 mg mL-1 particles:25 mg mL-1 HP93A in 3:1 THF:DMF, with 4 

min drying between each coat. A single loopcast of 3:1 PC3585A:HP93A in THF:DMF was 

applied, followed by a 30 min air dry. Implants were fabricated < 12 h prior to implantation 

and stored in centrifuge tubes contained in vacuum-sealed backs and kept at  

-20 °C until usage. Sensors were brought to room temperature ~ 2 min before implantation. 
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Three NO-releasing and non-releasing mock sensors (total of six) were implanted 

subcutaneously into the dorsum of a swine. The implants were explanted in a tissue block 

from the swine after either 7 or 14 days. The site of implantation was isolated from the 

explanted tissue using a biopsy punch. Biopsies were also obtained on day 0 (i.e., implantation 

day) and day 14 from an area without implants to serve as tissue-specific controls (i.e., no FBR 

influence). These three sample types are hereforward differentiated as NO-releasing, non-

releasing, and control biopsy. Samples were vertically bisected along the sensor track, with 

each half is placed into either 0.6 mL of T-PER protein extraction buffer or 1 mL of RNAlater 

for protein and gene analysis respectively. The protein analysis samples are frozen 

immediately in a -80 °C freezer. The gene analysis samples are stored in a 4 °C fridge for < 1 

week to promote full perfusion into the tissue. After perfusion, the gene analysis samples were 

moved to a -20 freezer for long term storage.  

 

3.2.4 Cytokine Quantification 

 The tissue was homogenized in the T-PER and the homogenate was analyzed on the 

Luminex plate according to manufacturer protocol. Briefly, the Milliplex plate was filled with 

25 µL of the bead suspension, 25 µL of buffer, and 25 µL of either the standard, control, or 

sample, in each well. These components were incubated overnight at 4 °C. Following the 

overnight incubation, the well plate was washed thrice with 200 µL of wash buffer per well, 

using a magnet to prevent loss of the magnetic beads during washing. After washing, 50 µL of 

the detection antibodies were added to each well and the plate was incubated for two hours. 

The plate was washed again after incubation and 50 µL of the included streptavidin-

phycoerythrin solution was added for a 30 min incubation. Following a final 3X wash cycle, 

100 µL of sheath fluid was added to resuspend the beads and the plate was run. Calibration 

standards for each of the target proteins were used to quantify the cytokine content of the 

porcine tissue. All cytokine concentrations are reported as the average of the three tissue 



69 

samples ± the standard error of the mean. P-values were assessed using two-tailed 

heteroscedastic t-tests. 

 

3.2.5 Gene Expression Analysis 

 Utilizing Qiagen Tissuelyser II (Qiagen; Germantown, MD), tissue was homogenized 

in 2ml screw top tubes according to manufacturer instructions.  The homogenized lysate was 

then processed with Qiagen RNeasy Fibrous Mini kit, including DNase I treatment, according 

to the included protocol.  RNA was eluted from the column with 45 ul of nuclease-free water 

and frozen at -80 °C until further use. Before usage, the RNA was quantified using a Qubit 

fluorometer, according to standard protocol. The RNA was diluted to 1 ng/mL and 5 µL of the 

RNA solution was mixed with 8 µL Master Mix and 2 µL of the Capture Probe, both of which 

were provided in the kit. The mixture was left to hybridize on a Thermocycler at 65 °C 

overnight (~16-18 h). Following hybridization, the hybridized RNA was loaded onto the 

sample plate and run on a NanoString nCounter SPRINT Profiler. Both the predictive cell 

profiling and differential expression analyses were performed using NanoString’s nSolver 

software. 

 

3.3. Results and Discussion 

3.3.1. Multiplex Protein Analysis 

A porcine Luminex panel was used to assess the concentrations of immunomodulators 

within tissues surrounding NO-releasing implants and the non-releasing implants at 7- and 

14-days post-implantation, and the FBR-free control biopsies (Figure 3.1). Using these three 

types of samples, we can compare soluble mediator expression between 1) native tissue and 

the FBR; 2) changes/shifts in the FBR-induced expression profile as a function of NO release; 

and, 3) the profile due to NO-releasing implants relative to native tissue. On day 14, IL-8 
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proved more abundant in the biopsy while TNFα, IL-1RA, IL-18, and IL-10 levels were greater 

in tissue having an FBR response (i.e., the non-releasing implants). The elevated cytokine 

levels are expected based on the increased immune signaling initiated by the FBR.25–28 As a 

regular of granulocyte migration, IL-8 was decreased in the tissue surrounding the implant 

compared to the biopsy at day 7 and 14 because in a typical FBR timeline, granulocyte (i.e. 

neutrophil) infiltration resolves earlier (day 3).26  

 Several differences in soluble mediator profiles in tissues surrounding NO- and non-

releasing sensors are apparent. None of the cytokines measured increased in concentration 

with NO release, suggesting that the sustained release of NO at the implant-tissue interface 

suppresses cytokine responses. Additionally, the cytokine levels surrounding the NO-

releasing implants were unchanged between day 7 and day 14, with the exception of IL-18. At 

day 14 the tissues surrounding the NO-releasing implant had greater levels of TNFα and IL-

1RA compared to control biopsies. All other cytokines concentrations associated with the NO-

releasing sensor at day 14 were statistically indistinguishable from the 14-day biopsy, again 

with the exception of IL-18 which was reduced. The NO appears to stabilize cytokine levels, 

maintaining a wound environment that is not deleterious to sensor function, agreeing with 

prior studies showing greater FBR and concomitant deterioration of sensor performance and 

tissue integration.9,10,13 These data support the unique therapeutic advantages of sustained NO 

release. 

 The trends in cytokine levels inform the inflammatory state. For example, TNFα, IFNγ, 

IL-1β, and IL-18 are each associated with increased inflammation.29,30 In tissues surrounding 

the NO-releasing implants, TNFα and IL-18 were appreciably lower at days 7 and 14 while 

IFNγ was less only on day 7, compared to the non-releasing samples. This decrease in the 

inflammatory cytokines in the presence of the IL-1RA, an inhibitor to IL-1β, and the anti-

inflammatory cytokine IL-10, suggests that NO is modulating the system away from a pro-

inflammatory state. Curiously, the anti-inflammatory cytokine IL-10 was lower in tissues 
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experiencing NO release than those without. Others have reported IL-10 inhibiting the 

inducible nitric oxide synthase enzyme.31,32 A negative feedback loop between IL-10 and NO 

may thus exist, wherein exogenous NO decreases IL-10 in a targeted and specific manner. 

Finally, both IL-8 and IL-6 are chemoattractants and are both decreased in concentration at 

day 7 specifically. This phenomenon implies that NO also acts to decrease leukocyte homing 

to the implantation site. In this manner, the lower leukocyte counts other studies have 

reported beyond day 7 may be attributed to NO-influenced chemokine reduction earlier in the 

FBR.9,10,12,14  

 The IL-1a, IL-2, IL-4, IL-12, and GM-CSF levels were each below the detection limit of 

the assay for each implant sample and timepoint. The absence of such cytokines was not 

surprising based on their cellular sources and/or functions that also enables a further 

understanding of FBR at 7- and 14-days post-implantation. Expressed most typically by 

mucosal cells, IL-1a is expected to be low in concentration in the subcutaneous tissue 

collected. Likewise, GM-CSF differentiates stem-cells coming out of the bone marrow and IL-

2/ IL-12 expand and activate T cells populations, biology not anticipated to be a part of the 

FBR at the time-points studied. 

 

3.3.2 Predictive Cell Profiling through Gene Expression 

To expand upon these targeted analyses, predictive cell profiling and qualitative 

comparison of inflammation states between the NO-releasing sensor and the non-releasing 

sensor were evaluated through differential gene expression. A novel custom panel of 254 

human genes with high porcine homology (>80%) was created to assess immunomodulation 

of known FBR and wound healing biomarkers, and to predict abundances of leukocyte types 

through the use of highly associated gene markers. All genetic data presented herein was 

analyzed by comparing fold changes as a function of FBR and NO release at either day 7 or 
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day 14. Without a day 7 control biopsy, all comparisons between the control biopsy and non-

releasing sensor on day 7 use the day 0 control biopsy and the day 7 non-releasing sensor. 

 As part of the cell profiling, CD45, the pan-leukocyte marker, was used to infer 

inflammatory cell density at the implantation site, where greater expression of CD45 is 

indicative of a higher leukocyte density. As shown in Figure 3.2, the presence of an implant 

doubled the number of cells recruited to the implant site when compared to the control biopsy, 

perhaps expected given that the FBR induces cell recruitment to the implantation site. When 

examining the NO-releasing implant, the cell density was roughly half of the non-releasing 

implant. The decrease in cell densities are in close agreement with histological data published 

by Soto et al,10 with the CD45 expression profile supporting NO’s impact in reducing cellular 

migration towards the implant site. 

 In addition to CD45 expression, genes associated with a number of leukocytes (SI 

Table 1) were analyzed to infer the relative abundance of cell types present at the implantation 

site. As provided in Figure 3.3, it became clear that the NO release impacted the population of 

cells arriving to the implant site. Lower frequencies of T cells and macrophages were observed 

at day 14 compared to day 7, when comparing the NO-releasing sensor to the control sensors. 

Interestingly, B cells are among the most prominent cells found at both time points, even 

though NO release decreases the expression of many different leukocytes at day 14. Given the 

importance of B cells in wound reconstruction,33,34 these results suggest the activity of B cells 

in response to exogenous NO is worthy of further investigation.  

 

3.3.3 Differential Expression of Wound Healing Genes 

 Differential expression analysis was performed and we evaluated the 50 genes having 

the lowest p-values for the fold change between the control biopsy and non-releasing 

implants. Specifically, the modulation of such genes was evaluated as a function of NO release 

at 7- and 14-days post-implantation. In this comparison, genes activated by the FBR were 
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identified and analyzed with respect to NO’s influence to identify how the addition of NO alters 

the base FBR response, as represented by the non-releasing implant. 

A subset of the genes evaluated is provided in Figure 3.4, with genes grouped by class 

and color-coded for whether they were upregulated (red) or downregulated (blue) with NO 

release. Three genes that were affected by NO emerge from this analysis: CASP1, Blk, and 

MMP8. CASP1 can serve as an important marker of inflammation, as it regulates the IL-1 

inflammation pathway.29,30 While IL-1β, IL-1RA, and IL-18 each belong to that pathway, IL-

18, in particular, responds to NO release (Figure 3.1). The downregulation of CASP1 on day 14 

with NO again supports NO’s role in mitigating pro-inflammatory activity. The discovery of 

Blk as a common gene suggests modulation of B cell infiltration in the presence of NO release, 

reinforcing the utility of further investigating B cell response in this system. As MMP-8 is 

perhaps the most abundant collagenase in both healing and non-healing wounds,35,36 its 

modulation by NO suggests an active role in producing the thinner collagen capsule 

surrounding NO-releasing implants. The upregulation of CD163 with NO, a marker of anti-

inflammatory macrophages, at day 7 and its disappearance at day 14 is also noteworthy. The 

presence of anti-inflammatory macrophages supports NO’s mitigation of inflammation, but 

the results also agree with the cell profiling data (Figure 3.3), as with NO release, macrophages 

are more abundant on day 7 but become less present on day 14 with NO release, compared to 

the non-releasing implant samples. 

More broadly, additional conclusions are drawn by analyzing gene changes on a class 

level. First, MMPs and chemokines are mostly downregulated at the NO-releasing implant site 

on both day 7 and day 14. This decrease in expression, due to their shared roles in 

chemokinesis, also supports the data found in the cell profiling. Specifically, the NO affects 

cell migration and the overall composition of cells at the implantation site. MMP2 and MMP9 

were both downregulated by the NO, a finding previously reported by Matsunaga et al. who 

showed correlation between NO exposure, decrease in MMP2 and MMP9, and enhanced 
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angiogenesis.5 The expressions of collagens was also decreased from days 7 to 14, in agreement 

with the lower collagen capsule density observed by Soto et al. at day 10 with NO release.10 

Among the cytokines, it is interesting to note that IL-18 and IL-1β were upregulated in the 

presence of NO release at day 7 relative to the non-releasing implant. These data conflict with 

the cytokine data in Figure 3.1, where all cytokines decreased in concentration with NO both 

at 7- and 14-days post-implantation. These data indicate reduced translation, inactivation, or 

depletion of these cytokines through another mechanism. Angiogenic markers VEGFB and 

TGFB2 were upregulated with NO on day 14, supporting NO’s role as an angiogenic agent. 

 

3.4. Conclusions 

In conclusion, multiple biological mechanisms were elucidated regarding the effect of 

NO release on tissue reconstruction during the FBR. It was found NO promotes different 

proportions of cells and reduced chemokine expression and cell infiltration, each supportive 

of previously reported tissue histology. In regards to the different cell populations, this study 

may be expanded upon with immunohistochemistry or flow cytometry to identify the cell 

types are arriving at the implantation site, their spatial position relative to the implant, and 

their phenotypic changes. Biomarkers identified in this study should enable a systematic study 

of how modulating NO-release fluxes may provide more control over progression of the FBR. 

Ongoing research aims to expand this analysis to a hyperglycemic porcine model to elucidate 

mechanistic differences in NO’s action in the diabetic FBR and guide development of more 

useful continuous glucose monitoring devices.10,12,23  
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3.5. Figures and Tables 

 

 

Figure 3.1. Cytokine concentrations calculated from explanted tissue using a Luminex 

multiplex assay. Bars represent the mean ± standard error of 3 unique implants. Symbols 

above individual bars denote statistical significance between NO-releasing and control biopsy 

at day 14 (+) or days 7 and 14 NO-releasing implants (#). (*) denotes statistical significance 

between NO-releasing and non-releasing samples. p < 0.05 for single symbols or p < 0.005 

for double symbols. All statistical significance is determined through 2-tailed unpaired t-tests. 
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Table 3.1. Cell profiling analysis was performed using the listed genes as biomarkers of 

the interrogated cell types. 

B Cells CD45 
CD8+ 

Cells 
Cytotoxic 

Cells 
Dendritic 

Cells 
Exhausted 
CD8+ Cells Macrophages 

Mast 
Cells Neutrophils T Cells 

Ms4a1 Ptprc Cd8a Prf1 Hsd11b1 Lag3 Cd84 Hdc Fcgr4 Cd3e 
Spib  Cd8b1 Gzmb Ccl2 Eomes Cd163 Cpa3 Fpr1 Cd3d 
Cd19   Nkg7 Cd209e Ptger4 Ms4a4a Tpsb2 Ceacam3 Cd3g 
Blk   Klrd  Cd44a Cd68 Ms4a2 Csf3r Trat1 

Fcrlb   Ctsw    Tpsab1  Cd6 
Tnfrsf17   Gzma      Sh2d1a 

Pnoc   Klrk1       
Tcl1   Klrb1       
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Figure 3.2. Box-and-whisker plots of CD45 expression scoring for A) day 7 control biopsy 

versus non-releasing sensor; (B) day 7 non-releasing sensor versus NO-releasing sensor; (C) 

day 14 control biopsy versus non-releasing sensor; (D) day 14 non-releasing sensor versus NO-

releasing sensor. The y-axis, CD45 score, is on a log2 scale. 
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Figure 3.3. Relative changes in cell type abundance for A) day 7 non-releasing sensor 

versus NO-releasing sensor and B) day 14 non-releasing sensor versus NO-releasing sensor. 

Both the y-axes, cell type scores, are on a log2 scale. 
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Figure 3.4. Subset of genes in Venn diagram identified in a differential expression analysis 

as statistically significant through the non-releasing versus control biopsy fold change, and 

that were detected in the non-releasing versus NO-releasing analysis. Genes are represented 

by their fold change in non-releasing versus NO-releasing analysis, wherein blue and red 

represent up- and downregulation respectively. Genes in the overlapping section are 

presented with fold change for the Day 7 comparison followed by the fold change for the Day 

14 comparison. 
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CHAPTER 4 – MONITORING NITRIC OXIDE-AFFECTED MATRIX 
METALLOPROTEINASE ACTIVITY IN INFLAMMATORY CONDITIONS

4.1. Introduction 

 The foreign body response (FBR) is an adverse host response towards an implanted 

object.1–3 The FBR is comprised of a cascading series of inflammatory events, such as the 

infiltration of inflammatory cells (e.g., neutrophils, macrophages, foreign body giant cells), 

the production of high levels of reactive oxygen and nitrogen species, and the release of various 

inflammatory mediators such as eicosanoids and cytokines, with the goal of degrading the 

implant or foreign object. The host response resolves with the isolation of the implant in a 

collagenous capsule, which is uniquely deleterious to the analytical performance of in vivo 

biosensors due to impedance of analyte transport through the tortuous collagen capsule. 

Emerging biomaterials employ strategies to lessen the FBR response.1,2,4,5 These techniques 

broadly aim to reduce inflammation or to improve wound healing by promoting wound 

healing through either the use of intricately designed implant topographies for passive 

modulation of cell behavior or the active release of physiological mediators (i.e., anti-

inflammatory steroids, growth factors) directly from the implant surface.3,4,6 

 An emerging class of biomaterials with promise for promoting longterm implant 

biocompatibility is nitric oxide (NO)-releasing materials. An endogenously produced diatomic 

gasotransmitter,7,8 NO modulates physiological processes relevant to controlling the FBR such 

as angiogenesis,9,10 cell proliferation,11,12 and collagen deposition.13–15 Through the use of NO 

donors, molecular scaffolds that controllably release NO, implantable devices have been 

developed that release exogenous NO to mitigate adverse reactions at the implant surface. 

These include glucose biosensors,16–18 vascular grafts,19 and both urinary track and venous 
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catheters,20–23, and all of these models have demonstrated the therapeutic benefits of in situ 

NO release.  

 Though much promise surrounds NO-releasing biomaterials, many unanswered 

questions remain concerning the wound healing pathways and mediators immunomodulated 

by exogenous NO. These questions are of vital importance for the rational tuning of optimal 

NO dosage and release kinetics to further improve the biocompatibility conferred by NO 

release. An important class of wound-healing mediators is the matrix metalloproteinases 

(MMPs), a class of proteinases with a Zn2+ core.24–28 These proteinases are synthesized with a 

prodomain, fully blocking the active site and preventing enzymatic activity. Once the 

prodomain is removed via another protease, MMPs regulate biological events by processing 

extracellular matrix components and structural proteins, such as collagen and elastin. 

Importantly, MMPs are receiving more interest due to their role in protein regulation (e.g., 

chemokines, growth factors, other MMPs), through cleaving their prodomains or releasing 

them from the extracellular matrix.24–28 Characterizing the functions of various MMPs in the 

FBR would help deepen the understanding of FBR regulation. Analyzing this class of 

mediators is particularly attractive as the FBR depends heavily on collagen deposition and 

chemokinesis of inflammatory cells, both of which, as aforementioned, are regulated by MMP 

activity. 

 Due to their numerous biological functions, MMPs have been explored for their roles 

in inflammation. Chronic wounds and inflammation are characterized in part by increased 

concentration of MMPs and MMP activity has increasingly been explored in inflammation 

models. Bozkurt et al. observed rising MMP expression in gingival fibroblasts when exposed 

to increasing endotoxin concentrations.29 Ploeger et al. exposed human dermal fibroblasts to 

conditioned media from either pro- or anti-inflammatory macrophages.30 The expression of 

different chemokines was quantified via PCR, and it was found that the expression of pro-

inflammatory chemokines increased when the fibroblasts were incubated with media from 
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pro-inflammatory macrophages and vice versa. Plasticity was observed in this effect, meaning 

that fibroblasts previously exposed to pro-inflammatory media would see decreases in the 

expressions of MMPs and inflammatory cytokines when exposed to anti-inflammatory 

media.30 Given the established link between MMPs and inflammation, researchers have 

investigated the effects of MMPs on the FBR. For example, Jones et al. grew primary human 

macrophages on polymer surfaces and discovered that MMP concentration is material 

dependent. Furthermore, macrophage activity (e.g., fusion to polymorphonuclear cells, 

surface adhesion) could be modulated with MMP inhibiting drugs.27 These results show the 

potential of MMPs as markers of FBR severity. 

 To date, there remains a limited understanding of how NO-releasing biomaterials 

affect MMPs at the implantation site. Herein, MMP activity of macrophages and fibroblasts 

were investigated as a function of NO release and inflammatory state. Both are MMP-

producing cells that control much of the inflammatory cascade and deposit the collagenous 

capsule towards the resolution of the FBR, respectively.2,31 By examining MMP activity as a 

function of both inflammation and NO dosage, NO’s effect on this critical class of mediators 

in the wound healing process was investigated. 

 

4.2. Materials and Methods 

4.2.1 Materials 

 All materials were analytical grade and used as received unless otherwise noted. 

Lipopolysaccharides derived from E. coli 055:B5 (LPS), Brij-35, diethylenetriamine (DETA), 

bis(3-aminopropyl)amine (DPTA), HEPES sodium salt, concentrated hydrochloric acid (HCl), 

and fetal bovine serum (FBS) were obtained from MilliporeSigma. Calcium chloride dihydrate 

and the LDH CyQuant Kits were obtained from Thermo Fisher. 2-mercaptoethanol (55 mM; 

βME) and penicillin-streptomycin were obtained from Gibco. Poly-L-lysine (0.01%; PLL) was 

obtained from R&D Systems. [Ethylenedinitrilo]-tetraacetic acid disodium salt (EDTA) was 
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obtained from Mallinkrodt and diluted to a 50 mM solution in 10 mM PBS at pH 7.4. 

DETA/NO and DPTA/NO were obtained from Cayman Chemical. The fluorogenic probe 

BML-P126 and phorbol 12-myristate 13-acetate (PMA) were obtained from Enzo Scientific. 

Methanol was purchased from VWR and 200 proof ethanol was purchased from Decon Labs. 

1X RPMI-1640 was purchased from Corning.  

 

4.2.2 Chemiluminescent Measurement of NO Release 

 For both DPTA/NO and DETA/NO, NO-release profiles were measured in 30 mL PBS 

(pH 7.4, 37 °C) with a Zysense model 280i chemiluminescence Nitric Oxide Analyzer. 

Approximately 1 mg of NO donor was added to 30 mL of deoxygenated PBS, sparged with 200 

mL min-1 nitrogen. Analysis was terminated when NO concentration fell below 100 ppb mg-1. 

The instrument was calibrated with a NO zero filter and 25.87 ppm NO gas (nitrogen balance). 

 

4.2.3 Cell Culture Protocol 

Human gingival fibroblasts and complete fibroblast medium were obtained from 

Sciencell, and cells were grown according to manufacturer instructions. Human monocytes 

(THP-1) were obtained from the UNC Tissue Culture Facility. Monocytes were grown in 

complete macrophage media prepared from RMPI supplemented with 20% FBS, 1 % 

Penstrep, and 0.05 mM βME according to supplier protocols. All cells were stored in an 

incubator at 37 °C and 5% CO2. For cell experiments, fibroblasts were seeded in a 96-well plate 

and incubated overnight. Monocytes were similarly plated in 96-well plates, with 200 nM 

PMA supplemented to the complete monocyte media, and incubated for 24 h prior to 

experimentation. The addition of PMA induces monocyte differentiation into macrophages. 

All well plates were precoated with PLL before experimentation through a 30 min incubation 

with the PLL solution followed by a wash with sterile PBS. 
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Following cell attachment, media was aspirated from cells plated in wells and was 

replaced with media containing 0.02-2 mg/mL DETA/NO or DPTA/NO and 0-5 µg/mL LPS. 

This allowed for a co-incubation of an inflammatory stimulant (i.e., LPS) and an NO donor. 

The non-NO-releasing DETA and DPTA were used as control amines against their NO-

releasing counterparts (DETA/NO and DPTA/NO, respectively). Of note, macrophage studies 

were done using the aforementioned complete media with only 10% FBS to reduce MMP 

background. Solutions were titrated to neutral pH using 5 N HCl before addition to wells. The 

well plates were placed into the incubator for 24 h, after which 10 µL of 10X Lysis Buffer (from 

the LDH CyQUANT Kit) was introduced into the well to lyse cells, and 10 µL of deionized water 

were added to the unlysed wells. 

 

4.2.4 NO-Releasing Wire Fabrication 

 Mock sensors were created to serve as an NO source, adapting previously published 

work.18,32–34 Briefly, mesoporous nanoparticles were synthesized through the bolus addition 

of TEOS to a solution of ethanol, water, ammonium hydroxide, and the liquid crystal template 

(CTAB).18,34 Particles were washed with ethanol, collected via centrifugation, and post-grafted 

with MPTMS to provide exterior and intraporous thiols. These particles were suspended in a 

chilled solution of 4 mL of 5 N HCl and 4 mL of methanol, stirring and shielded from light. A 

solution of acidified nitrite (400 mg NaNO2 in 2 mL water) was added to the particle 

suspension, nitrosating the free thiols to NO-releasing S-nitrosothiol moieties. Particles were 

stored at -20 °C until use and were handled in the dark to mitigate premature NO release from 

light exposure. 

 Nitrosated particles were suspended in a 2 mL polyurethane casting solution with 50 

mg/mL HP93A and 25 mg/mL nitrosated particles, in 3:1 THF:DMF. Ten layers of the casting 

solution were applied to a steel wire using 6.5 µL pipetted onto a 2 mm steel wire loop and 

passed over the wire serving as a single layer. Five minutes of drying time were used between 
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each coat. After the ten layers were deposited to the wire, the same method was used to apply 

a single top coat of 3:1 PC3585:HP93A in 3:1 THF:DMF. Wires were then left to dry for 30 

min and used immediately after. 

 

4.2.5 Validating Fluorogenic Measurement of MMP Activity 

 The fluorogenic measurement protocol was adapted from Ploeger et al.30 Briefly, a 1 

mg/mL solution of BML-P126 was prepared in methanol and was diluted to make the final 

fluorophore solution (15 nM BML-P126, 0.1% (w/v) Brij-35, 20 mM CaCl2, 0.1 M HEPES; 

adjusted to pH 7). A 1 mL test solution was made by combining 500 µL of fluorophore solution 

and 500 µL of 10% FBS in PBS or 10% FBS and 50 mM EDTA in PBS and allowed to incubate 

for 20 h, shielded from light at 37 °C. The fluorogenic probe is activated after procession by 

MMPs native to FBS and after incubation, aliquots were measured on a Molecular Devices 

SpectraMax M2e Spectrophotometer (excitation: 328 nm; emission: 393 nm). Background 

fluorescence was recorded by omitting BML-P126 from the fluorophore solution. The effect of 

NO release on MMP activity was assessed by incubating an NO-releasing wire in the 1 mL test 

solution for either 5, 10, or 20 h. Aliquots were taken from the test solution for indirect 

quantification of NO via the Griess assay, wherein 50 µL of the test solution was combined 

with 50 µL of sulfanilamide and 50 µL NED, incubated in the dark for 30-45 min, and 

absorbance was measured at 540 nm.35,36 

 

4.2.6 Viability Testing and Fluorogenic Measurement of Cellular MMP Activity  

 Supernatant from the aforementioned well plates was divided, with 50 µL going to a 

96-well plate for the fluorogenic measurement and another 50 µL to a 96-well plate for the 

colorimetric LDH quantification. The fluorogenic measurement protocol was adapted from 

Ploeger et al.30 To every well, 50 µL of the fluorophore solution were added, and then the well 

plate was incubated for 20 h. After incubation, the plate fluorescence was measured on a 
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Molecular Devices SpectraMax M2e (excitation: 328 nm; emission: 393 nm). All fluorescence 

signals were background-subtracted using the wells containing 50 µL complete cell media and 

50 µL of the fluorophore solution without BML-P126. 

 Viability measurements were performed according to manufacturer instructions on 

the LDH CyQuant kit. Briefly, 50 µL of the LDH reaction mixture was added to 50 µL of the 

cell supernatant, and the plate was incubated in the dark at room temperature for 30 min. 

Absorbance measurements were recorded using the plate reader at a wavelength of 490 nm. 

All LDH signals were background-subtracted using the signal from blank culture media 

incubated with the LDH reagent. The percent killing was calculated as the ratio between the 

unlysed LDH signal and lysed LDH signal for every condition.  

 

4.3. Results and Discussion 

4.3.1 Characterization of NO-Release Profiles 

 Both DPTA/NO and DETA/NO were characterized with regards to the NO released 

and the associated kinetics over 24 h to ascertain what NO-release conditions the cells would 

be exposed to over the course of the cell experiments (Table 4.1). The two NO donors confer 

NO payloads over the 24-h-incubation period, despite both liberating 2 mol NO per mol donor 

via hydrolysis, due to their release kinetics, with reported half-lives of 3 and 20 h for 

DPTA/NO and DETA/NO, respectively. Due to faster decomposition, DPTA/NO liberates NO 

at a quicker pace and thus has a nearly 4-fold max flux compared to DETA/NO, which 

degrades/releases NO much slower. During the 24-h exposure duration, the DPTA/NO 

system delivers nearly double the mol NO per mg as DETA/NO. 

 Additionally, NO measurements were replicated in a solution containing 0.05 mM 2-

mercaptoethanol, simulating the concentration found in the complete macrophage media. As 

2-mercaptoethanol is a potent reducing agent, it was critical to identify potential variations in 

NO release with βME exposure. No significant changes in NO release were observed with 
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DETA/NO in βME, likely due to the donor’s high stability as reflected by its longer half-life. 

However, DPTA/NO was shown to release slightly more NO with βME, with a ~20% increase 

in total µmol mg-1 and a ~30% increase in max flux. In this case, the reducing agent likely 

contributes to the decomposition of the NO-releasing diazeniumdiolate moiety, given that 

DPTA/NO is less stable than DETA/NO. 

 

4.3.2 MMP Activity Assay Validation 

 The assay employed made use of the fluorogenic substrate BML-P126 as a measure of 

MMP activity. This substrate is selectively cleaved by MMPs and becomes fluorescently active, 

allowing for correlation of increased fluorescence to increased MMP activity. Using MMPs 

native to FBS and background subtraction by the solution with no fluorophore, a strong 

fluorescence signal was observed (Figure 4.1).  To validate this assay further, 50 mM EDTA 

was used to chelate the MMPs’ Zn2+ active site to facilitate deactivation, which resulted in 

fluorescence attenuation by several orders of magnitude. This relationship demonstrates that 

this assay is indeed selective to metalloproteinases. 

The acquired fluorescence signal, importantly, is a measurement pertaining strictly to 

MMPs that have had their prodomains removed, as they are unable to activate the fluorophore 

while inactive.25,37,38 As prior literature has shown that oxidative and nitrosative stress may 

remove the prodomain,25,37,39 NO-releasing wires were employed as removable NO sources to 

investigate NO’s influence on the measurements. No significant change in signal between the 

control and a sample incubated with an NO-releasing wire for 20 h (~0.44 mM NO released), 

indicating that permanent removal of prodomains does not occur solely from exogenous NO 

exposure. These data are in agreement with work by Owens et al., who observed that 

peroxynitrite, formed on reaction between NO and superoxide, is critical in NO’s regulation 

of MMPs with NO alone not able to achieve any significant effect.37 This assay can thus be used 

with biologically representative levels of superoxide to predict MMP activity surrounding an 
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NO-releasing implant in future studies to examine the dose-dependent influence NO release 

exerts on MMPs and elucidate possible mechanisms of MMP activity in promoting or 

hindering wound healing. Curiously, the MMP activity at 5 and 10 h were both significantly 

lower than the FBS control, despite the lower NO doses delivered (~0.26 and ~0.36 mM, 

respectively). This result is promising for the tuning of NO-releasing implants for promoting 

of wound healing by reducing the local MMP burden. Future studies should employ increased 

temporal resolution of NO exposure to better characterize this decrease. 

 

4.3.3 MMP Activity and Viability of Stimulated Cells 

 Results from the combined well-plate assays are provided in Figures 4.2-4.5, grouped 

by the cell type and NO donor used. Before assessing the MMP activity, it was critical to 

identify the effect of the combination of endotoxin and NO donor on cell viability. By analyzing 

the effect of endotoxin concentration without the addition of NO donors or control amines, it 

was found that cell viability is not dramatically affected between 0-5 µg/mL LPS, with the 

percent killing limited to ~40%. While DETA was well tolerated by both cell lines up to 2 

mg/mL (Figures 4.2 and 4.4), DPTA resulted in > 80% cell killing at 2 mg/mL and < 50% 

killing at all other concentrations (Figures 4.3 and 4.5). For the NO-releasing scaffolds, 

DETA/NO and DPTA/NO both resulted in < 50% killing at 0.2 and 0.02 mg/mL, but ~100% 

killing at 2 mg/mL (Figures 4.2-4.5). Due to the high cell death observed at 2 mg/mL DPTA, 

DETA/NO, and DPTA/NO, MMP activities are not reported for 2 mg/mL NO donor or control 

amine. 

 In examining MMP activity in response to endotoxin concentration, no significant 

difference was observed for fibroblasts at any level of LPS (Figures 4.2-4.3). For macrophages, 

the measured activity did not have an observable dose dependence even though MMP activity 

was raised with the addition of LPS (Figures 4.4-4.5). Importantly, macrophages are known 

to release superoxide with exposure to inflammatory stimulants.40–42 Thus, peroxynitrite 
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production is likely causing an increase in MMP activity. Fibroblasts were associated with less 

MMP activity when compared to macrophages, implying that targeting MMPs produced by 

macrophages may be of greater therapeutic interest. In addition, the MMP activity from the 

NO-affected population did not differ significantly from the activity of the control for most 

samples. Despite the lack of significant differences, the divergence between NO release and 

the control was greater for the macrophages than the fibroblasts. Of note, the macrophages 

stimulated with DPTA/NO and LPS produced a significant difference between NO release and 

the non-releasing control, with the exception of 0.2 mg/mL DPTA/NO at 5 µg/mL LPS (Figure 

4.5). In examining the DPTA/NO-stimulated macrophages, the NO-associated MMP activity 

was consistently greater than that of the control, implying that treatment with NO is 

increasing MMP activity, and without NO, the native amine itself depresses MMP activity. 

When comparing to baseline (i.e., treated only with LPS), using 0.02 mg/mL DPTA/NO led 

to a significant increase in MMP activity at LPS concentrations ≥ 2.5 µg/mL. Though the NO 

concentrations differ, it is important to note that while lower levels of NO reduced MMP 

activity in the FBS solution, the use of lower concentrations of NO donor led to the opposite 

effect. Further investigation into the NO-release kinetics, NO-dose dependence, and 

environmental differences (e.g., superoxide production) driving these diverging results will be 

key in elucidating the role of exogenous NO in MMP regulation. 

   

4.4. Conclusions and Future Directions 

 Through the use of this fluorescence assay, we have begun to elucidate NO’s effect on 

MMP activity. Initial results indicate that larger levels of NO have no independent lasting 

effect on local MMP activity; low level NO exposure can lower MMP activity in the absence of 

superoxide or raise MMP activity in its presence; fibroblast MMP activity is independent of 

endotoxin concentration; and, the major contributors to MMP activity are macrophages. 

These results may be vital to the rational development of NO-releasing implants. Both tuning 
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the NO release to lower local MMP activity and targeting macrophages to stunt their MMP 

production may enable less inflammation and promote wound healing with concomitant 

extensions of implant lifetime. 

 Ongoing studies are underway to quantify MMP concentration in the samples analyzed 

using immunoabsorption assays such as ELISA or Luminex. While the MMP activity is a 

possible measure of how much protein processing is occurring at a site of inflammation, the 

MMP concentration is important to elucidate whether NO exposure results in more or less 

MMP translation or activation, and how MMP activity is changed independently of MMP 

concentration. It is also important to note that both NO and amines may quench fluorescence 

and thus skew reported MMP activities down,43–45 raising the possibility that the NO masks 

its own catalytic action on MMPs, or that the amine scaffolds are disguising increased or 

unchanged MMP activity. Nevertheless, quenching studies should be performed with NO 

donors and the control amines. Through the Stern-Volmer equation, a Stern-Volmer constant 

can be derived, allowing for quantitation of the true fluorescence and MMP activity. 
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4.4. Figures and Tables 

 

Table 4.1. The 24-h NO-release characteristics of DETA/NO and DPTA/NO 

 

[NO]max – Maximum NO flux obtained 

Total [NO]24h – Total amount of NO liberated in 24 hours 
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Figure 4.1.  MMP activity of 10% FBS in PBS (control) was analyzed with either the 

addition of EDTA to deactivate MMPs or incubation with NO-releasing wires to determine 

whether NO can activate MMPs in solution. Significance levels were calculated against 

control, * p < 0.05, ** p < 0.0000005  
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Figure 4.2.  MMP activity and cell viability for human gingival fibroblasts exposed to DETA 

and DETA/NO. A) viability data for fibroblasts exposed to DETA; B) viability data for 

fibroblasts exposed to DETA/NO; C) MMP activity for fibroblasts exposed to 0.2 mg/mL 

DETA and 0.2 mg/mL DETA/NO; and, D) MMP activity for fibroblasts exposed to 0.02 

mg/mL DETA and 0.02 mg/mL DETA/NO. 
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Figure 4.3.  MMP activity and cell viability for human gingival fibroblasts exposed to DPTA 

and DPTA/NO. A) viability data for fibroblasts exposed to DPTA; B) viability data for 

fibroblasts exposed to DPTA/NO; C) MMP activity for fibroblasts exposed to 0.2 mg/mL 

DPTA and 0.2 mg/mL DPTA/NO; and, D) MMP activity for fibroblasts exposed to 0.02 

mg/mL DPTA and 0.02 mg/mL DPTA/NO. * p < 0.05, comparing MMP activity of DPTA and 

DPTA/NO. 
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Figure 4.4.  MMP activity and cell viability for human macrophages exposed to DETA and 

DETA/NO. A) viability data for macrophages exposed to DETA; B) viability data for 

macrophages exposed to DETA/NO; C) MMP activity for macrophages exposed to 0.2 mg/mL 

DETA and 0.2 mg/mL DETA/NO; and, D) MMP activity for macrophages exposed to 0.02 

mg/mL DETA and 0.02 mg/mL DETA/NO. * p < 0.05, comparing MMP activity of DETA and 

DETA/NO. 
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Figure 4.5.  MMP activity and cell viability for human macrophages exposed to DPTA and 

DPTA/NO. A) viability data for macrophages exposed to DPTA; B) viability data for 

macrophages exposed to DPTA/NO; C) MMP activity for macrophages exposed to 0.2 mg/mL 

DPTA and 0.2 mg/mL DPTA/NO; and, D) MMP activity for macrophages exposed to 0.02 

mg/mL DPTA and 0.02 mg/mL DPTA/NO. * p < 0.05, comparing MMP activity of DPTA and 

DPTA/NO. 
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CHAPTER 5 – SUMMARY AND FUTURE DIRECTIONS

5.1 Summary of Research 

 This dissertation work sought to use both novel and existing in vivo and in vitro 

bioassays to analyze the effect of nitric oxide (NO) on the foreign body response (FBR). 

Published reports of histological outcomes and sensor performance have both supported the 

use of NO-release sensor membrane coatings to boost the analytical biocompatibility of 

implantable glucose monitors, leading to stronger performance for an extended timespan 

versus controls.1–7 However, NO’s mechanism of action in this context had remained 

uninvestigated. My dissertation research served to explore these two questions to correlate 

the exogenous NO dose necessary for improved sensor performance with wound-healing 

pathways and biomarkers immunomodulated by NO. Understanding biological mechanisms 

will allow future work to investigate the rational design of NO-releasing glucose sensors and 

perhaps how NO release might be tuned to achieve a desired outcome. 

The introductory chapter to this dissertation explored the health benefits of 

continuous glucose monitoring (CGM)8–14 and the impact of the foreign body response (FBR) 

on implanted glucose monitor lifetime.15–18 With a complex cascade of cells to the sensor 

surface, the FBR causes to sensor damage and decreased sensitivity through various 

mechanisms including the release of damaging reactive oxygen and nitrogen species, an 

interfering glucose depletion by local inflammatory cells, and the eventual isolation of the 

sensor in a collagen capsule. Though there are many different mechanisms to lessen the FBR 

and inflammatory response, such as surface texturing of the sensor and the active release of 
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anti-inflammatory agents such as dexamethasone,17,19–22 Chapter 1 focused on the unique 

advantages of NO as an active release anti-inflammatory agent. The biological effects of NO 

have been explored since its identification as the endothelium-derived relaxing factor, both 

through modulation of its endogenous production23,24 or via the addition of NO-releasing 

molecules.25,26 In particular, NO has been implicated in modulating cell proliferation,27,28  in 

promoting angiogenesis,24,29 and in altering collagen formation.23,30,31 These effects of NO have 

also been observed in the in vivo reports on NO-releasing glucose sensors.1–7 Recent studies 

have focused on sensor investigations in euglycemic and hyperglycemic porcine. Both Soto et 

al. and Malone-Povolny et al. reported that the use of NO-release coatings led to a longer 

retention of sensor accuracy, reduced cell infiltration, and increased angiogenesis.2–4 

Importantly, these results persisted for as long as the NO was being released: once the NO 

supply was exhausted, the NO-releasing sensor’s performance gradually reversed towards the 

performance of the non-releasing controls, highlighting the importance of sustained NO 

release in preserving this improved performance2,4  

 Chapter 2 described the use of glucose measurements to assess macrophage response 

to NO. As macrophages are cells that are vital to the regulation of the FBR, it is important to 

supplement the data on NO’s therapeutic effect on the FBR with studies of how that NO flux 

may affect macrophages directly. Of particular relevance to glucose sensors, macrophages can 

be influenced across a polarization gradient by environmental stimuli, shifting reversibly 

between pro-inflammatory (M1) and anti-inflammatory (M2) phenotypes.32–34 Concerning 

the proper implementation of implantable glucose sensors, it is vital to minimize interfering 

glucose consumption, particularly that by macrophages, to maintain sensor accuracy because 

macrophages consume more glucose than other cell types35 and because glucose consumption 

is increased when macrophages are in an M1 phenotype.36–39 Two orthogonal techniques were 

implemented to analyze the glucose consumption by RAW 264.7 macrophages: 1) use of a 

fluorescent tracer (2-NBDG) to model glucose consumption, and 2) embedding macrophages 
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in a 3D-cell scaffold to monitor their bulk glucose consumption using an intrascaffold 

electrochemical glucose sensor. Flow cytometry studies involving 2-NBDG showed 

modulation of glucose consumption in response to small molecule NO donors, including 

DETA/NO and SNAP. 

 The mechanisms of NO’s effect on FBR were detailed in Chapter 3. A euglycemic 

porcine model was employed to compare both cytokine and gene expression in the tissue 

surrounding NO-releasing implants, non-releasing implants, and control biopsies. This 

investigation sought specifically to elucidate the NO-induced immunomodulation responsible 

for enhanced analytical biocompatibility. The cytokine concentration showed that NO both 

lowers chemokine concentration and is associated with a less pro-inflammatory tissue 

response when compared to non-releasing implants. Interestingly, it was also observed that 

NO release from the sensor led to cytokine loads closer to the native tissue compared to non-

releasing controls. A custom 254-gene panel was created for the analysis of differential gene 

expression across different samples as well as predictive profiling of the abundances of various 

cell types. Through cell profiling, it was noted that NO release halves the expression of the 

pan-leukocyte marker CD45 compared to non-releasing sensors, implying lower leukocyte 

infiltration as a result of exogenous NO. Additionally, NO was shown to unequivocally affect 

the composition of the cell population present at the site of insult. When comparing the two 

sensor types, expression of collagens and chemokines decreased collagen production with NO, 

compared to the non-releasing sensor. On day 14, angiogenic markers TGFB and VEGFB were 

upregulated with NO. Finally, Blk, MMP8, and CASP1 were immunomodulated by both the 

non-releasing and NO-releasing implants, and thus identified as biomarkers for monitoring 

NO’s effect on the FBR. Taken together, these findings both substantiated previously 

published investigations into NO-releasing sensors and enabled identification of new 

biomarkers and immune pathways modulated with NO release. 
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The aforementioned differential expression analyses also demonstrated the 

immunomodulation of matrix metalloproteinases (MMPs) as a result of FBR, with that 

immunomodulation altering under exposure to NO. Given the role of MMPs in both protein 

regulation (e.g., chemokines, other MMPs) and in degradation of extracellular matrix 

components such as collagen, Chapter 4 detailed the exploration of NO’s effect on MMP 

activity. Due to their prominent roles in the wound healing process, macrophages and 

fibroblasts were interrogated with increasing concentrations of lipolysaccharides (LPS), 

serving as an inflammatory stressor, and varying levels of either DPTA/NO or DETA/NO. 

While fibroblast MMP activity had minimal differences between the NO donor and its 

respective control scaffold (DPTA or DETA, respectively), MMP activity in macrophages was 

found to be increased by NO using 0.02 mg/mL DPTA/NO. No significant changes in MMP 

activity were observed in macrophages using 0.2 mg/mL DPTA/NO, nor with 0.02 or 0.2 

mg/mL DETA/NO, implying a narrow window of NO dosage creating quantifiable effects on 

MMP activity. Exposing a solution of fetal bovine serum to low levels of NO from an NO-

releasing wire (0.26-0.36 mM) was also shown to reduce MMP activity in vitro, contrasted 

with 0.42 mM NO producing no significant effect, demonstrated the potential of NO release 

to reduce MMP activity an NO-releasing sensor implantation site. 

  

5.2 Future Directions 

 The work completed in this dissertation serves as a foundation for exploring the basic 

science of NO’s mediation of the foreign body response (FBR). Below, future experiments are 

proposed to further this effort in three orthogonal directions. One direction is the 

development of a device on which NO could be released in a controlled manner, allowing 

interrogation of NO’s effect on cell biology without needing to rely on an NO donor, as the 

scaffold may possess independent physiological effects that may disguise or alter the response 

to NO. Second, data from a pilot study examining changes in the lipid profile of polarized 
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macrophages exposed to NO suggest that lipids are a potential biomarker for monitoring the 

FBR. Lastly, to complement in vivo investigations, strategies for developing more informative 

and representative in vitro and ex vivo models are discussed to facilitate systematic study of 

NO-release conditions on cell and tissue biology. 

 

5.2.1 Utilizing Modular NO Release for Direct Cell Interrogation 

 To best explore the effects of NO-release kinetics on cell function, it is critical to have 

both a reliable source of NO and a tunable NO-release profile. Thus far, we have explored 

using NO donors to expose cells to NO fluxes. However, this method is not without 

complications. Though we can run control experiments against non-releasing scaffolds, the 

scaffold itself still may be affecting the cellular phenotype, as has been reported previously 

with silica nanoparticles and polyamines systems.40–42 Due to the effect of the scaffold, 

deconvoluting the role of NO may not be possible. Further, due to the diversity in 

macromolecular scaffolds, if the identity of the scaffold has any effect, disparate, scaffold-

dependent phenotypes may be observed. An additional concern involves limitations with the 

NO donors themselves, as only NO fluxes from readily available or synthesizable NO donors 

can be tested. 

 To address these challenges, in situ generation of NO would obviate the need for 

macromolecular scaffolds without reintroducing any of the disadvantages of NO gas cylinder 

usage, such as poor NO availability in solution.43 Electrogeneration of nitric oxide requires the 

electrochemical reduction of nitrite from solution and has been reported previously by the 

Meyerhoff lab, via NO-releasing catheters.44,45 These catheters were made with silicone tubing 

filled with an electrogeneration solution (i.e., 1 M NaNO2, 0.30 M NaCl, 0.02 M EDTA, 1 M 

phosphate buffer; pH 7.05), a copper working electrode, and an Ag|AgCl reference electrode. 

Using a function generator to control the applied potential and corresponding evolution of 

NO, the system was shown to have reproducible control over the resultant NO flux through 
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modulation of the cathodic potential, releasing fluxes of up to 1.5 x 10-10 mol min-1 cm-2 at -1.4 

V.44 This cathodic step is paired with an anodic pulse for regeneration of the copper electrode 

surface, and cycling between the cathodic and anodic steps at high frequencies provides the 

reproducible evolution of NO.44,45 When implanted in mice, these NO-producing catheters 

prevented thrombosis, platelet adhesion, and biofilm growth in comparison to a non-releasing 

control.44,45 

 Translation of this platform to cell culture would facilitate precise and hands-free 

control of the NO flux, as the necessary waveform can be accurately applied with a function 

generator. A minimum viable product, as prototyped in Figure 5.1, could be designed with a 

static well plate design holding 9-96 wells with working volumes of 100 µL, similar to a 

standard 96-well plate. A chamber at the bottom of the device would contain the 

electrogeneration solution, counter and reference electrodes, and copper electrodes set 

directly beneath each well, allowing for NO to diffuse to the cells from the bottom. 

Importantly, these copper electrodes would be connected to a function generator, likely from 

the bottom. A semipermeable film of silicone or fluorosilicone would be positioned between 

the wells and the electrogeneration chamber, simultaneously permitting the diffusion of NO 

to the wells and preventing the transport of the hypertonic electrogeneration solution into the 

cell medium. Cells would be seeded on top of the film, which could then be coated with fibrin, 

poly-L-lysine, or similar substrate to promote cell adhesion. While electrodes could be 

connected to a common function generator, the use of multiple function generators would 

allow different waveforms to be cast to each, allowing for novel experiments pertaining to NO 

gradients (Figure 5.2.), such as a preliminary exploration into chemotaxis along nitric oxide 

gradients. 

 The electrogeneration of NO from copper is fairly well-characterized, so the main 

obstacle for this platform would be determining the extent to which NO reaches the cells. 

Doing so would require two separate steps: determining the NO yield from the copper 
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electrode and assessing what portion reaches the cells. Characterizing the copper electrode 

may be performed using a nitric oxide analyzer (NOA). By placing the copper, reference, and 

counter electrodes in the NOA reaction vessel, filled with the electrogeneration solution, 

different waveforms can be applied to the electrode and the evolution of NO can be monitored 

in real-time.  For assessing NO transport to the cells, the fluorophore DAF-FM can be used to 

monitor NO’s transit into the well via confocal microscopy. As the fluorophore is detectable 

only after reaction with NO, DAF-FM will serve as a selective indicator for monitoring and 

quantifying the NO reaching the wells.46 Kinetic studies can also be performed by removing 

timepoint aliquots from the wells and measuring their fluorescence intensity, which would 

allow for comparison with the NO flux profile generated by the electrode in the NOA. 

Identifying discrepancies will inform adjustments to the device’s design, such as changing the 

depth of the solution chamber at the bottom or increasing the flux of NO produced at the 

bottom to achieve proper levels of NO in the well. 

 This platform would streamline several biological assays currently performed in the 

NO research community, through the obviation of an NO donor. Applying a desired NO flux 

would become simply a matter of applying the correct waveform. The effects of NO flux 

kinetics in various studies including cell proliferation, cytokine production, cytotoxicity and 

biocidal activity, the aforementioned chemotaxis across an NO gradient, and morphological 

changes, could all be explored without requiring the independent synthesis of an appropriate 

donor. Indeed, this system would allow studies to surpass the current limitations of NO 

donors, including scaffold toxicity concerns and ceilings on the total release duration.  

  

5.2.2 Lipidomic Analysis of Cellular Markers 

 My dissertation research relied on various markers of cellular polarization in response 

to NO, such as gene expression to cytokine profiles to glucose consumption, to interrogate 

aspects of the FBR. The role of lipid markers, however, remains a largely untapped frontier in 
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the full characterization of the foreign body response. Lipids are an important energy source 

and structural unit for the cell (e.g., phospholipids forming the cellular membrane), but lipid 

metabolism and using metabolized lipids as novel markers for differentiating healthy and 

diseased physiologies remains quite novel. The presence or absence of different lipids has 

been well characterized in wound healing, inflammation, and macrophage polarization.47 For 

example, the fatty acid arachidonic acid, released from phospholipids by phospholipase A2, is 

a precursor to many pro-inflammatory mediators, notably prostaglandins.48,49 Prostaglandin 

expression and phospholipase A2 activity have been linked to inflammatory phenomena, 

including increased cellular glucose consumption and the onset of cytokine storms.50 Lipid 

processing has also been linked to NO production, as phospholipase A2 activity is positively 

correlated to the expression of the inducible nitric oxide synthase (iNOS)51,52 and 

phospholipase A2 was downregulated when NO synthesis is inhibited.53 Thus, lipids have the 

potential to serve as biomarkers for monitoring the wound healing response towards the FBR 

and how it is altered by NO release.  

Lipidomic analysis of a cell system’s full lipid profile, or lipidome, can identify and 

quantify changes in lipid expression as a complement to traditional phenotyping techniques. 

However, various characteristics of lipids make their identification and quantification 

difficult, including a large number of existing lipids (at least 30,000 identified, while the total 

count of naturally occurring lipids is estimated to be on the order of 105), the prevalence of 

isobars and isomers, and low-abundance lipid species. Despite the difficulty in lipid 

identification, a universal nomenclature system has been developed and is used herein. Using 

PC(16:0e_20:5) as an example, the leading letter code identifies the lipid headgroup and thus 

the subclass the lipid belongs to, in this case, is phosphatidylcholine. The underscore separates 

the different fatty acid (FA) chains and also denotes that there is no known steric information 

regarding those chains (e.g., a forward slash separating the fatty acids would mean those fatty 

acids are ordered based on their positions on the phospholipid’s glycerol backbone). And 
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finally, the fatty acid is coded as the number of carbon atoms in the chain on the left of the 

colon and the number of double bonds on the right of the colon. The lowercase ‘e’ denotes an 

ether linkage in the chain. For this example, PC(16:0e_20:5) identifies a phosphatidylcholine 

with two FA chains: one with 16 carbons, an ether linkage, no double bonds, and a 20 carbon 

chain containing 5 double bonds. 

Techniques for identifying lipids include thin-layer chromatography (TLC) and NMR. 

A new promising technique is ultrahigh-pressure liquid chromatography (UHPLC). The high 

pressure in addition to a packed capillary column allows effective resolution of a large number 

of lipids. Lee et al. used UHPLC to probe polarization of RAW 264.7 macrophages at 

increasing concentrations of LPS (i.e., increasing inflammation). They observed dose-

dependent increases of LPS upregulated 11 classes of lipids, including phosphatidylinositol 

(PI), phosphatidylserine (PS), and phosphatidylethanolamine (PE); while downregulating 

cholesterol, phosphatidylcholine (PC), and lysophosphatidic acid (LyPA).54 Inspired by this 

literature, I initiated a pilot study to interrogate macrophage polarization in response to NO 

using lipidomic analysis in collaboration with Dr. Kelsey Miller of the Jorgenson lab at UNC.  

Briefly, RAW 264.7 macrophages were plated on T-75 culture flasks and either left 

untreated (unstimulated; M(-)) or co-stimulated with either 1 µg/mL LPS or 0.1 µM 

dexamethasone and either 5 or 500 µg/mL DETA/NO. The negative control, DETA, was used 

in place of DETA/NO to confirm that the NO release had an independent effect on the cells 

from the scaffold. After 24 hours, stimulated macrophages were scraped from the flask, 

pelleted, and the lipids were extracted for analysis using UHPLC, paired with a mass 

spectrometer for analysis (UHPLC-MS). Biological duplicates of each sample were run and 

lipids were identified using LipidSearch 4.2.21 (Thermo Fisher, CA). Peak areas were 

normalized to both the mass of lipid run and to one of three controls: M(-) to compare M(LPS) 

and M(DEX), M(LPS) for the pro-inflammatory macrophages, and M(DEX) for the anti-

inflammatory macrophages. Peak areas were used for partial least squares-discriminate 
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analysis (PLS-DA) allowing comparison between the common lipids found in different 

macrophage populations. 

 Comparison between M(-), M(LPS), and M(DEX) cells did not present a clear 

biomarker differentiating an M1 phenotype from an M2 phenotype. The 25 most prominent 

lipids of the 386 unique lipids identified, as determined using variable importance in 

projection (VIP) scoring, were present in all 3 samples. The VIP score used a partial least 

squares regression to identify the most influential targets in the model, where a higher VIP 

score increases the likelihood of the target being a potential biomarker. Those 25 lipids were 

plotted on a heatmap based on their fold change in expression, relative to M(-) (Figure 5.3). 

Minute differences between M(LPS) and M(DEX) were observed, such as more severe 

downregulation of various PI lipids and PC (18:1_18:1), suggesting possible utility in 

lipidomics-based phenotype differentiation, despite the lack of biomarker.  

The effect of NO on the lipid profile of polarized macrophages was also examined 

through the co-culturing of macrophages with either 5 or 500 µg/mL DETA/NO alongside 

either 1 µg/mL LPS for M1 macrophages (LPS Control), or 0.1 µM dexamethasone for M2 

macrophages (DEX Control). Serving as a control, 5 and 500 µg/mL DETA were also tested to 

isolate the effects of NO from the scaffold. For both pro- and anti-inflammatory macrophages, 

422 and 463 unique lipids were identified, respectively. Again, a comparison for the top 25 

lipids was accomplished through VIP scoring for both data sets, relative to either the M1 or 

the M2 control (Figures 5.4 and 5.5). For M1 macrophages, 500 µg/mL DETA/NO effectively 

downregulated a number of PIs, PEs, and PCs, including PI(18:0_16:1), PE(16:1e_20:4), and 

PC(14:0_14:0). Conversely, the 5 µg/mL dose of DETA/NO led to upregulation of some PCs 

and PEs, including PC(16:0_12:1), PC(18:0_12:1), and PE(18:0_20:1), highlighting the dose-

dependent and diverse nature of NO. For anti-inflammatory macrophages, NO elicited more 

subtle differences, such as the slight downregulation of PCs, PEs, and PSs, including 

PS(18:0_22:6), PE(16.1e_22:6), PC(14:0_20:4), when treated at 500 µg/mL DETA/NO. 
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This pilot study demonstrated that even though there was not necessarily a strong 

biomarker to differentiate M(LPS) from M(DEX), NO did induce measurable changes in the 

lipid profiles of inflammatory cells at two concentrations. The lipid profiles from the NO 

donors also differed significantly from the lipid profiles of the bare DETA scaffold, supporting 

that NO itself is eliciting at least part of the biological change. In conclusion, lipidomics 

remains an unexplored tool for understanding the foreign body response in relation to NO 

exposure. Expansion of this study should focus on a deeper characterization of the 

macrophages, such as comparison to cytokine and gene expression data, modulation of NO 

exposure (i.e., altering NO donors used, NO dosage, and NO release profiles), and using more 

sophisticated biostatistics to identify trends and possible biomarkers. Additionally, the use of 

higher than conventional UHPLC pressures (~35 kpsi) and a custom packed capillary has been 

reported for lipidomic analysis and will likely resolve phospholipids at a higher resolution was 

obtained in this study.55 

 

5.2.3 Exploring NO-affected Inflammation in Advanced Tissue Models  

 In Chapter 4, the relationship between inflammation and NO dose was assessed in 

monocultures of macrophages and fibroblasts. As NO was shown to affect these cells and their 

inflammatory states, research should continue in addressing this and similar questions of 

phenotypical change using more reliable models. In particular, a move towards more 

representative cell culture models would improve the power and predictive ability of the 

aforementioned assay, and better aid identification of the optimal exogenous NO flux to be 

used with implantable glucose monitors. Of note, in vivo models can also be used to explore 

NO’s effects on the FBR, as demonstrated in Chapter 3. Though less complex and 

physiologically representative, in vitro and ex vivo models are amenable to systematic studies 

of design properties of an NO-releasing sensor, where, due to their cost and relative simplicity, 

testing large numbers of parameters would be advantageous. Here, I will focus specifically on 
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new in vitro and ex vivo models that can be used for either preliminary inquiries preceding in 

vivo studies or in expanding on the findings of in vivo experiments. 

 One improvement to the monocultures explored in this dissertation would be a 

transition to cellular co-cultures. A co-culture model allows for some level of intercellular 

communication between different cell types, either as a paracrine (i.e., indirect) co-culture, 

relying on using conditioned media to introduce cell signals from one cell line to another, or a 

juxtacrine (i.e., direct) co-culture, growing at least two distinct cell lines in concert. Given that 

the foreign body response is predicated on interactions between different cells, co-cultures are 

a natural way to study the FBR. Indeed, there is already evidence that these cells influence the 

inflammatory phenotype of one another. Ploeger et al. reported that paracrine factors (i.e., 

conditioned media) from either pro- or anti-inflammatory macrophages could alter the 

phenotype of fibroblasts, including their rates of extracellular matrix formation, matrix 

metalloproteinase (MMP) activity, and chemokine expression.56 An expansion of the work 

presented in Chapter 4 could employ conditioned media from one cell type exposed to another 

cell type to determine if the different cytokine profiles alter NO's effect on MMP activity. 

Additionally, either of these co-culture models facilitates the elucidation of how NO treatment 

alongside intercellular communication affects cell proliferation, phenotypic polarization, and 

chemokine gradients. As NO is implicated in cell-cell communication,57 investigating 

exogenous NO in a co-culture model would allow for the elucidation of how the addition of 

another intercellular signal affects the foreign body response. 

 Another improvement could be made by employing three-dimensional cell scaffolds. 

Despite the ubiquity of the two-dimensional cell culture in biomedical research, its 

shortcomings have been well-characterized. In general, two-dimensional cultures lack the 

complexity of tissue or an actual wound bed whereas three-dimensional culture has been 

linked to cell morphologies, growth, and migration, and intercellular interactions more akin 

to an in vivo model.58,59 Multiple types of 3D cell cultures exist, including gels,36,60 
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microfluidics,61,62 and paper-based scaffolds.63–65 Of particular interest to this dissertation 

work is the gel model, such as the one developed by Novak et al. and adapted for the studies 

in Chapter 2.36 Briefly, that model embedded macrophages in a fibrin gel, generating a 3D 

culture of cells in a biological scaffold at a macrophage density comparable to a site of insult. 

The gel was then pierced with a glucose sensor to monitor the glucose consumption of the cells 

over time. This model is particularly attractive for exploring FBR interactions, as it allows for 

the introduction of an implant. A mock glucose sensor (i.e., wire) may be coated with an NO-

releasing polyurethane membrane and implanted, producing an NO point source from which 

physiological effects can be characterized. Immunofluorescence facilitates phenotypic 

assessment but could also afford new spatial information (i.e., resolving the relationship 

between distance from NO source and polarization state). Importantly, 3D cell cultures are 

not limited to monocultures and are amenable to both types of co-culture. In fact, performing 

a juxtacrine co-culture in a 3D scaffold results in an in vitro system most closely approaching 

the layout of cells in their native in vivo environment, mimicking both the intercellular 

communication and spatial orientation found in vivo. Using immunofluorescence allows for 

analyses of inflammatory markers, but also identification of and discrimination between 

different cell types as a function of NO release.  

Lastly, the use of a new ex vivo or tissue model could be explored to examine the effects 

of NO. For example, the Mattek EpiDerm FT features a full-thickness human tissue sample 

consisting of primary fibroblasts and keratinocytes. This tissue has been used in several 

studies, including observing the inflammatory effects of mustard compounds and assessing 

ionic liquids for delivering antibiotics to transdermal biofilms.66–68 Many of the 

aforementioned analyses, such as cytokine profiling and gene expression, may be employed 

using this model. The platform also lends itself to histological and immunohistochemical 

queries, adding new routes of interrogation. Similar to the gel cell scaffold, this tissue sample 

could be wounded with a mock glucose sensor serving as an NO source, emulating an NO-
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releasing sensor implanted in the subcutaneous layer of skin. As the scaffold is a tissue, 

additional sensor elements affecting tissue reintegration may be analyzed without the use of 

an in vivo model. For example, Malone-Povolny et al. found NO-releasing sensors could be 

combined with passive FBR mitigation (i.e., pores and electrospun fibers on the sensor 

surface) for improvements in the FBR mitigation, outperforming either strategy in isolation. 

The Mattek platform would allow for systematic testing to determine the optimal NO-release 

profiles and pore sizes required for an enhanced wound healing response in a more cost-

effective manner than using animals.  

 

5.3 Conclusions 

 Given that the FBR is a major impediment to longterm continuous glucose monitoring, 

investigations into FBR-reducing implants are critical in improving diabetic healthcare. Active 

release of exogenous NO has emerged as a powerful strategy for improving the analytical 

biocompatibility of CGM technology. My research sought to elucidate the mechanisms 

through which NO promoted these therapeutic effects. In using both traditional and novel 

biological assays, it was discovered that NO does indeed have influences on the concentrations 

of proteins at the site of insult, on the immunomodulation of various wound-healing genes, in 

the activity of MMPs, and potentially in the glucose consumption of polarized macrophages. 

The effects of NO-release kinetics and NO dose were also explored in vitro, showing that MMP 

activity can be modulated in a narrow window of NO exposure, both in acellular and cellular 

testing conditions. Though much work exploring the physiological outcomes of NO-releasing 

glucose sensors exists, the observations made in my research will serve as a foundation for 

further bioassay development towards a systematic study of how those outcomes are achieved. 

Expanding investigations into NO’s mechanisms of action, as well as the NO doses and the 

release kinetics required to drive the desired wound healing pathways, may facilitate the 
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rational design of NO-releasing glucose sensors, allowing for development of more beneficial 

CGM technology for diabetes treatment.  
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5.4 Figures and Tables 

 

 

Figure 5.1. A nitric oxide-generating well plate prototype. The top layer features a well 

plate molded from PDMS and cast to dimensions analogous to a 96 well plate. Cells will be 

seeded on top of the middle layer, a thin film of silicone rubber or fluorosilicone, which are 

gas-permeable to allow transport of NO and solution-impermeable to prevent leaking of the 

hypertonic electrogeneration solution. The bottom chamber contains the electrogeneration 

solution and copper electrodes positioned below each well, NO evolution to the seeded cells. 

The electrodes will be connected to a function generator to apply custom waveforms via 

computer control. Reference and counter electrodes not shown. 
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Figure 5.2. An alternative model of the nitric oxide-generating well plate. Different 

waveforms can be applied to each column of electrodes, producing a different flux of NO at 

each electrode. Using a larger seeding area will allow cells to receive a NO on a concentration 

gradient and migrate along the well for chemotaxis experiments. Middle silicone layer, 

counter electrode, and reference electrode are not shown. 
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Figure 5.3. Fold change heat map of lipids with the top 25 VIP scores, comparing M(-) with 

M1 (i.e., M(LPS)) and M2 (i.e., M(DEX)). Fold change is normalized to the M(-) lipidome. PI 

= phosphatidylinositol, PE = phosphatidylethanolamine, PC = phosphatidylcholine, SM = 

sphingomyelin 
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Figure 5.4. Fold change heat map of lipids with the top 25 VIP scores, comparing pro-

inflammatory macrophages exposed to DETA/NO or DETA at 5 or 500 µg/mL. Fold change 

is normalized to the LPS Control lipidome. PI = phosphatidylinositol, PE = 

phosphatidylethanolamine, PC = phosphatidylcholine 
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Figure 5.5. Fold change heat map of lipids with the top 25 VIP scores, comparing anti-

inflammatory macrophages exposed to DETA/NO or DETA at 5 or 500 µg/mL. Fold change 

is normalized to the DEX Control lipidome. PI = phosphatidylinositol, PE = 

phosphatidylethanolamine, PC = phosphatidylcholine, PS = phosphatidylserine, SM = 

sphingomyelin 
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