
Influence of Diabetes on the Foreign Body Response to Nitric 
Oxide-Releasing Implants

Robert J. Soto†, Elizabeth P. Merricks‡, Dwight A. Bellinger‡, Timothy C. Nichols‡, and Mark 
H. Schoenfisch†,*

†Department of Chemistry, University of North Carolina, Chapel Hill, NC 27599, United States

‡Departments of Pathology and Laboratory Medicine, University of North Carolina, Chapel Hill, 
NC 27599, United States

Abstract

The foreign body response (FBR) to nitric oxide (NO)-releasing subcutaneous implants was 

compared between healthy and streptozotocin-induced diabetic swine by evaluating inflammation, 

collagen capsule formation, and angiogenesis. Steel wire substrates were first modified with 

polyurethane membranes capable of diverse NO-release kinetics (NO fluxes and release durations 

of 0.8–630.0 pmol cm−2 s−1 and 2–13 d, respectively). The NO-releasing materials were implanted 

in the subcutis for 3, 10, or 25 d for histological and immunohistochemical evaluation of the FBR. 

A delayed, more severe inflammatory response to control (i.e., non-NO-releasing) implants was 

observed in diabetic pigs relative to healthy swine. Regardless of the animal disease state, each 

NO-releasing implant tested elicited reduced inflammation compared to controls at both 3 and 10 

d. However, only the NO-release materials capable of releasing low NO fluxes (0.8–3.3 pmol cm−2 

s−1) for 7–13 d durations mitigated the inflammatory response at 25 d. Using 

immunohistochemical staining for the endothelial cell surface marker CD-31, we also observed 

poor blood vessel development at non-NO-releasing implants in diabetic swine. Relative to 

controls, NO-releasing implants with the longest NO-release duration (13 d) increased blood 

vessel densities by 47.1 and 70.4% in the healthy and diabetic pigs, respectively. In the healthy 

model, tissues surrounding the long NO-release materials contained sparse amounts of collagen, 

whereas implants with shorter NO-release durations (2, 3, and 7 d) were characterized with a 

dense collagen encapsulation layer, similar to controls. Collagen deposition in diabetic swine was 
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inhibited, and unaffected by NO. These results emphasize several key differences in the FBR in 

the setting of acute onset diabetes. The observation that NO release counteracts the more severe 

FBR in diabetic swine while simultaneously promoting tissue integration may help guide the 

design of medical implants (e.g., glucose sensors) with improved performance for diabetes 

management.
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INTRODUCTION

In vivo glucose biosensors have been developed as technologies for continuous glucose 

monitoring of patients afflicted with diabetes mellitus [1]. Unfortunately, the in vivo 

analytical performance of such devices in subcutaneous tissue is compromised due to the 

foreign body response (FBR) [1–3]. Sensor insertion damages vascularized tissue, resulting 

in local bleeding and accumulation of proteins and protein fragments on the surface of the 

sensor [4]. The adsorbed protein layer is responsible for an immediate decrease (40–80%) in 

glucose sensitivity and serves as an anchor for cell adhesion [5]. Infiltration of the implant 

site by inflammatory cells (e.g., neutrophils, macrophages) [3] during the ensuing 

inflammatory response further impacts in vivo sensor performance [6–9]. For instance, pro-

inflammatory macrophages have abnormally large metabolic demands and create glucose 

depletion zones in the sensor microenvironment [7,9]. Failure to digest the sensor incites 

frustrated phagocytosis and macrophage fusion to form foreign body giant cells [3]. Stress-

cracking or delamination of sensor coatings by these polynuclear cells is a frequent cause of 

in vivo sensor failure [10]. Even for materials that are relatively insusceptible to oxidative 

damage (e.g., polycarbonate urethanes) [11], phagocytic activity by macrophages and giant 

cells may decrease the pH in the tissue surrounding the sensor (extreme pH values 3.6) [12] 

with the potential to interfere with the enzyme-based sensor response. Conclusion of the 

FBR is marked by the deposition of a dense, avascular collagen capsule around the 

implanted sensor. Capsule formation obstructs interstitial glucose transport and causes a 

pronounced temporal lag in the sensor signal, thereby preventing the sensor from accurately 

tracking glucose concentrations [8,13–14].

The analytical performance of in vivo glucose sensors is inherently linked with all aspects of 

the FBR [15]. Although the FBR has classically been studied as a function of material 

surface chemistry [16], proper selection of coating materials alone is insufficient to improve 

glucose sensor function. The most promising biocompatibility strategies have instead aimed 

to reduce inflammation and simultaneously guide wound healing at the sensor tissue 

interface. Topographical cues (i.e., porosity) [17], active release of anti-inflammatory agents 

(e.g., Dexamethasone) [18–19], and delivery of angiogenic stimulators (vascular endothelial 

growth factor, platelet-derived growth factor) [20] have all been investigated as approaches 

to reduce the FBR. Our laboratory has proposed the release of nitric oxide (NO) from 

polymeric implant coatings to mitigate the FBR [21–24]. Nitric oxide functions as an 

Soto et al. Page 2

Biomaterials. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



angiogenic agent by upregulating vascular endothelial growth factor (VEGF) production 

[25–28]. NO also mediates inflammatory cell recruitment and phenotypes by regulating key 

cytokines/chemokines involved in the FBR (e.g., tumor necrosis factor-α, macrophage 

chemoattractant protein-1, interleukin-1β) [29–32], although the mechanisms for NO’s 

involvement in inflammation have not been fully investigated.

Prior research in our laboratory has shown that NO-releasing surfaces reduce the FBR and 

improve attributes of glucose sensor performance [21–24,33]. Hetrick et al. first 

demonstrated the use of NO-releasing silica xerogels to mitigate FBR-related inflammation 

and collagen deposition in mouse subcutaneous tissue. Subsequent work by Nichols et al. 

revealed a dependence of the FBR on NO-release kinetics [22]. Subcutaneous implants 

capable of extended NO release (≥3 d) reduced inflammation and collagen deposition, 

whereas rapid release (≤24 h) lead to increased collagen encapsulation. Two separate studies 

have confirmed the benefits of NO release and a reduced FBR to in vivo glucose sensor 

accuracy [24,33].

Despite promising tissue histology and preclinical sensor performance data [21–24,33], each 

of these initial studies utilized healthy animal models. Relative to healthy tissue, diabetic 

wounds are generally characterized as having inadequate wound repair processes [34], 

altered inflammatory cell infiltration and cytokine production [35], and disrupted blood flow 

[36]. Reduced angiogenesis and cytokine production are features that are at least partially 

due to inhibited NO production [37–38]. These disparities have been characterized in the 

context of wound healing in humans, but the effects of a foreign body (i.e., an implanted 

glucose sensor) on inflammation and tissue reconstruction have not been studied in great 

detail. Furthermore, it is unclear if the benefits of NO, documented in previous tissue 

histology [21–22] and functional sensor experiments [24,33], will counteract the wound 

healing deficiencies concomitant with diabetes. Our hypothesis is that supplementing 

diabetic subcutaneous wounds with exogenous NO (i.e., from NO-releasing polymers) will 

help to offset the negative effects (i.e., altered angiogenesis and inflammation) arising from 

inhibited NO production.

Herein, the tissue responses to control and NO-releasing polyurethane materials are 

evaluated in both healthy and diabetic porcine models to generate new information on how 

diabetes impacts FBR-related inflammation and collagen deposition. Polymers capable of 

tunable NO release were employed to assess the role of NO on the FBR in diabetic tissue.

EXPERIMENTAL SECTION

Materials

Tetraethylorthosilicate (TEOS), N-(3-trimethoxypropyl)diethylenetriamine (DET) and 3-

mercaptopropyltrimethoxysilane (MPTMS) were purchased from Gelest (Morrisville, PA) 

and stored under nitrogen. Aqueous ammonium hydroxide (NH4OH; 29.41 wt% ammonia), 

sodium methoxide (NaOMe; 5.4 M in methanol), ethanol (EtOH; 200 proof), hydrochloric 

acid (HCl), all salts, and anhydrous solvents (N,N-dimethylformamide (DMF), 

tetrahydrofuran (THF), and methanol (MeOH)) were purchased from Fisher Scientific (Fair 

Lawn, NJ). Cetyltrimethylammonium bromide (CTAB) was purchased from Sigma (St 
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Louis, MO). Nitrogen (N2), argon (Ar), and nitric oxide calibration (25.87 ppm in nitrogen) 

gases were purchased from Airgas National Welders (Raleigh, NC). Pure NO gas was 

purchased from Praxair (Danbury, CT). Soft stainless steel wire (356 μm dia.) was purchased 

from McMaster-Carr (Atlanta, GA). Tecoflex SG-85A (TPU) and Tecothane TT-2072D-B20 

(TT) polyurethanes (PUs) were received from Lubrizol (Cleveland, OH). Streptozotocin was 

purchased as a sterile powder from Teva and reconstituted in sterile saline at 100 mg mL−1. 

Water was purified to a resistivity of 18 M(cm and a total organic content of <6 ppb using a 

Millipore Reference water purification system.

Synthesis of NO donor-modified mesoporous silica nanoparticles

Mesoporous silica nanoparticles functionalized with either N-diazeniumdiolate or S-
nitrosothiol (RSNO) NO donors were synthesized using variants of the Stöber method, as 

reported previously [39–40]. Detailed synthesis procedures are provided in the 

Supplementary Information section.

Preparation of nitric oxide-releasing polyurethane membrane-coated implants

Nitric oxide-releasing polymeric membranes were fabricated by doping control or NO 

donor-modified MSNs into biomedical-grade polyurethane (Tecothane TT-2072D-B20; TT). 

Polymer solutions were initially prepared by dissolving 360 mg polyurethane (PU) in THF 

(3.00 mL). The silica particles were dispersed in THF in a separate container, added to the 

PU solution, and vortexed. The final PU concentration was 80 mg mL−1 for all solutions. 

The final concentration of particles in the PU solution was 20 mg mL−1. In cases of dual 

RSNO and DET/NO particle incorporation, two separate particle dispersions were prepared 

and added to the PU.

Stainless steel wire served as the substrate for depositing the NO-releasing PU composites 

due to similar geometry and size compared to needle-type glucose sensors (~350 μm 

diameter). The wire was initially cut into 7 cm pieces and sterilized in a steam autoclave. All 

subsequent coating procedures were carried out in a sterile biological safety cabinet. The 

wires were modified with the NO-releasing membranes via dipcoating into the PU/MSN 

solution and drying for 1 h. The total number of coats was 16. A TPU topcoat (60 mg mL−1 

in THF) was applied to all membranes to minimize leaching of the MSNs from the 

membranes. The external PU coat also served to ensure consistent surface chemistry across 

the different implants, as surface chemistry could represent a convoluting variable with 

respect to FBR severity. The coated portion of the wire was cut to a final length of 15 mm 

prior to coating the exposed ends with the TPU topcoat solution. After drying (~1 h), the 

implants were housed individually in sterile microcentrifuge tubes and stored in a sterile 

vacuum-sealed Mylar bag at −80 °C until use. Control (i.e., non-NO-releasing) materials 

were prepared in an identical manner except that the particles were not functionalized to 

release NO. Of note, the control particles were washed 3× with sodium methoxide following 

the H+ ion exchange step of the MSN purification process to remove ionically bound 

protons.
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Membrane characterization

Nitric oxide release from the PU membranes was measured using a Sievers 280i 

chemiluminescence NO analyzer (NOA; Boulder, CO). The NOA was calibrated 

immediately before all measurements using air passed through an NO–zero filter as the 

blank value and 25.87 ppm NO (in nitrogen gas) as the second calibration standard. The 

NO-releasing membranes were immersed in phosphate buffered saline (PBS; 10 mM, pH 

7.41) at 37 °C. For membranes that contained RSNO-modified particles, the NOA sample 

flask was shielded from light. In addition, 500 μM DTPA was added to the PBS to chelate 

trace copper ions, thus restricting NO release to thermal mechanisms. The NO released from 

the membranes was carried to the NOA by stream of nitrogen gas (80 mL min−1) bubbled 

through the PBS solution. Supplemental nitrogen gas flow was provided to the NOA to 

match the 200 mL min−1 instrument intake. Nitric oxide was detected indirectly by 

chemiluminesce emission from excited-state nitrogen dioxide, formed by reaction between 

NO and ozone. Data was collected at a sampling frequency of 1 Hz, providing near real-time 

measurements of NO release from the PU membranes. Measurements were terminated when 

NO concentrations fell below the detection limit of the NOA (~6 ppb or 0.8 pmol cm−2 s−1).

Particle leaching from the membranes was assessed by soaking membranes in PBS for a pre-

determined period of time (1–28 d) and measuring the silicon content of soak solutions via 

inductively coupled plasma optical emission spectrometry (ICP-OES; Teledyne-Leeman 

Labs Prodigy high-dispersion ICP; Hudson, NH). The instrument was initially calibrated 

using sodium silicate standards in PBS (0.1–25 ppm; 251.611 nm Si emission line) to ensure 

linear response over the anticipated range of particle concentrations. Calibration curves were 

subsequently generated for each type of silica particle and compared to Si emission intensity 

values from the membrane soak solutions for leaching determination.

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. Twelve mixed gender Yorkshire-type piglets, weighing approximately 12–17 kg 

at the study onset, were used. Diabetes was induced in half of the piglets (three males and 

three females) by repeated intravascular administration of streptozotocin (25–50 mg kg−1, 3–

4 doses over 4–6 d) until elevated post-prandial blood glucose values (171 ± 50 mg dL−1, 

mean ± standard deviation) were consistently observed in ear prick glucose measurements. 

Pooled blood glucose values for controls (i.e., without STZ treatment) were 61 ± 18 mg dL
−1. The pigs were maintained for 2–6 days prior to implanting the mock sensors. On the day 

of implantation, the pigs were initially sedated with Telazol. Anesthesia was maintained with 

isoflurane delivered through an endotracheal tube. The mock sensors were implanted using 

aseptic technique by cannulation into the subcutaneous tissue using a 18 G catheter inserter. 

The implants were organized into 4 groups on either side of the spine to control for 

variability due to implant location, for a total of two implants of each type per animal (4 

implants per time point and disease state). After a pre-determined period of time (3, 10, or 

25 d), the pigs were euthanized and the test articles located using a portable X-ray imaging 

system. Tissues surrounding the mock sensors were explanted en bloc and fixed in 10 vol% 

buffered formalin. Thin, serial sections (~5 μm) were stained with hematoxylin and eosin 

Soto et al. Page 5

Biomaterials. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(H&E) or Masson’s Trichrome for visualization of inflammatory cells or collagen, 

respectively. Following an antigen retrieval step, immunohistochemical analysis for cluster 

of differentiation marker 31 (CD31), an endothelial cell surface marker, was carried out 

using pig-reactive anti-CD31 antibodies from Abcam (ab28364; 1:500 dilution of stock 

antibody).

The severity of the inflammatory response was assessed from photomicrographs of 

hematoxylin and eosin-stained tissue slices. The number of inflammatory cells (e.g., 

neutrophils, macrophages) within ~200 μm of the implant surface was counted by a blinded 

observer. Average numbers of inflammatory cells (ICs), normalized to the tissue area (i.e., 

IC densities), served as indicators of inflammatory response severity. Of note, these counts 

excluded extravasated erythrocytes, which are not associated with the FBR. Collagen 

deposition was quantified within 200 μm of the implant surface similarly to previous reports 

[21–22,41] using Masson’s Trichrome-stained tissue sections. Portions of the 

photomicrographs that stained blue, originating from collagen fibers, were isolated using a 

color filter in photoshop and then inverted so that white pixels corresponded to collagen 

fibers. Regions 200×50 μm in size were then cropped from the image and saved as text 

images. A custom MATLAB script was used to determine a percent collagen density by 

comparing the number of white pixels to the total number of pixels in the image. 

Immunohistochemical staining for CD31 was employed to quantitatively evaluate 

angiogenesis by counting the total number of blood vessels, identified as open tubular brown 

structures, within 400 μm of the implant surface.

Statistical analysis

Inflammatory cell densities and collagen deposition data were tested for normality using a 

Shapiro-Wilk test. In all cases, the data were determined to be distributed normally at >99% 

confidence. Thus, the data were analyzed using a two-tailed student’s t-test with p-values 

<0.05 considered statistically significant. For multiple comparisons, one-way Analysis of 

Variance was used followed by individual comparisons using a student’s t-test with an 

applied Bonferroni correction.

RESULTS AND DISCUSSION

Polyurethane materials with diverse NO-release properties were fabricated by doping 

Tecothane (TT) PU membranes with two different types of NO-releasing MSNs (Figure 1). 

The NO-releasing polymers were coated onto steel wire substrates that mimicked the size 

and geometry of needle-type electrochemical glucose biosensors used in previous studies 

[24,33]. The mock sensors were further modified with a TPU topcoat that normalized the 

surface chemistry of all implants. The membrane NO-release kinetics were intentionally 

manipulated by careful selection of the NO donor modification on the silica particle dopants. 

For instance, the N-diazeniumdiolate moiety (i.e., the DET particle NO donor modification) 

undergoes proton-initiated decomposition to release NO at rates dependent on pH, 

temperature, and the chemical structure of the precursor amine [42]. By incorporating the 

NO donor-modified DET particles into a hydrophobic aromatic Tecothane PU, proton access 

to the N-diazeniumdiolate moiety is reduced, thus prolonging NO release. The resulting 
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membranes (DET/NO) released low NO fluxes (1–12 pmol cm−2 s−1) for ~13 d (Table 1). 

To achieve more rapid NO release, MSNs modified with S-nitrosothiol NO donors (RSNOs) 

were co-incorporated with DET/NO particles in Tecothane PU. S-nitrosothiols undergo 

thermally initiated S–N bond cleavage in vivo and thus have NO-release kinetics largely 

independent of the water uptake of the surrounding polymer matrix. Membranes prepared 

exclusively with RSNO particles released large, maximum NO fluxes (630 pmol cm−2 s−1) 

and exhausted their NO supply within 48 h (Table 1; Figure 2). Materials incorporating both 

types of NO donor-modified MSNs (at 3:1 and 1:1 RSNO:DET mass ratios) released more 

intermediate NO fluxes initially (285 and 200 pmol cm−2 s−1, respectively) and maintained 

NO release above >0.8 pmol cm−2 s−1 for longer durations (3 and 7 d, respectively) than the 

RSNO system alone. The four NO-releasing membranes that were chosen for evaluation 

(i.e., DET/NO, 3:1 RSNO:DET, 1:1 RSNO:DET, and RSNO) release sufficient amounts of 

NO (>1.5 μmol cm−2, Figure S1) at fluxes shown to mitigate the FBR in healthy animal 

models (1–384 pmol cm−2 s−1) [21–22]. The membranes also release NO for durations that 

align with the anticipated timelines of the acute and chronic inflammatory responses (~1–2 

and 3–14 d, respectively) [3,43–44].

Although silica is generally tolerable in vivo [45], leaching of the NO-releasing particles 

from the PU membranes could prove problematic, as silica nanoparticles may be 

phagocytosed by macrophages, increasing production of pro-inflammatory cytokines (e.g., 

interleukin-1β, tumor necrosis factor-α) [46–47]. Given the potential for leachable silica to 

offset any favorable effects of NO on the FBR, we assessed particle leaching from the MSN-

doped membranes. Quantitative ICP-OES analysis of silicon concentrations in membrane 

soak solutions indicated minimal (<5%) silica particle leaching from each of the NO-

releasing and control membranes. The materials were thus deemed suitable for further 

evaluation of the FBR.

Inflammatory response

A porcine model was selected for FBR evaluation due to similarities in subcutaneous tissue 

composition (i.e., proportion of adipose tissue and collagen content) between pigs and 

humans [48–51]. Chemical induction of diabetes was carried out by administrating multiple 

doses of the pancreatic β-cell cytotoxin, streptozotocin (STZ), over a 4–6 d period preceding 

implantation of the materials. Diabetes induction in the pigs was confirmed by greater post-

prandial blood glucose values relative to untreated pigs (171 ± 50 and 61 ± 18 mg dL−1, 

respectively; Figure S2). Hyperglycemia was maintained for the entire study duration (i.e., 1 

mo) using this protocol.

Inflammatory cells negatively impact glucose sensor performance, due in part to their large, 

localized glucose/oxygen consumption and ability to damage sensor components via 

respiratory bursts (i.e., release of reactive oxygen and nitrogen species) [7–8,10,12]. 

Elevated inflammatory cell presence is consistently linked to poor sensor performance [7–9]. 

As such, photomicrographs of hematoxylin and eosin-stained tissues were used to 

quantitatively assess the inflammatory response. The severity of the inflammatory response 

was determined at three different implantation periods (3, 10, and 25 d) and considered with 

respect to both NO and animal model disease state. The 3 d tissue response consisted 
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primarily of macrophages (based on nuclear morphologies observed in the hematoxylin and 

eosin stains; Figure 3), indicating the 3 d time point corresponded to onset of the chronic 

inflammatory response [3]. This inflammatory response was largely localized to ~100 μm 

from the implant surface, while unperturbed tissues (>10 mm from control implants) were 

only sparsely populated with cells (Figure S4). Inflammatory cell densities adjacent to 

control (non-NO-releasing) implants at 3 d were similar between the healthy and diabetic 

pigs (~3.3–3.9×103 cells mm−2), indicating that diabetes does not impact initial cell 

recruitment. Release of NO during the first 3 d elicited a modest reduction in the 

inflammatory response for the healthy pigs (10–30%; Figure 4A), although these differences 

were largely statistically insignificant. Inflammation was mitigated to a greater degree by 

NO in the STZ-treated pigs, with 35–50% reductions in the number of ICs at NO-releasing 

implants relative to controls (Figure 4B). There were no significant differences between the 

NO-releasing membranes in the healthy or diabetic pigs (ANOVA p-values 0.46 and 0.62, 

respectively), indicating the large initial NO fluxes (18–630 pmol cm−2 s−1) released by the 

RSNO-based membranes over the first 4 h, did not impact cell presence to a greater extent 

than the DET/NO system (NO concentrations <12 pmol cm−2 s−1). Lower NO fluxes, 

released gradually during the first 2–3 d in which FBR-associated cells infiltrate the implant 

site, thus appear to be responsible for the reduced inflammatory response.

A more severe inflammatory response was observed for control implants after 10 d relative 

to the initial (3 d) time point (Figures 3F and 3H). For example, IC counts for the RSNO 

controls in the healthy and diabetic animals were 6.0×103 and 6.2×103 cells mm−2, 

respectively, compared to 3–4×103 cells mm−2 at 3 d. A reduced inflammatory response was 

evident at most NO-releasing implants in both animal models (Figures 4C and 4D). In 

healthy swine, low, sustained NO release from the DET/NO membranes (i.e., 1–12 pmol cm
−2 s−1 for 13 d) resulted in fewer inflammatory cells than the more rapid RSNO or 3:1 

RSNO:DET NO-release systems. In agreement with previous work [22], this result suggests 

that materials with more extended NO-release kinetics more favorably mitigate the 

inflammatory response. However, there were no discernable differences arising from varying 

NO-release kinetics in the diabetic pig model (ANOVA p=0.364).

Additional cell recruitment to the implant site ceased after 10 d in the healthy swine model, 

indicating resolution of the initial inflammatory response. Indeed, IC counts at 10 and 25 d 

post-implantation were similar for both sets of controls. In contrast, the inflammatory 

response became more severe in the diabetic pigs. Inflammatory cell densities nearly 

doubled after 25 d in comparison to the 10 d values for DET controls (12.4×103 and 6.4×103 

cells mm−2, respectively; p=0.006), and the inflammatory response for RSNO controls was 

similarly elevated (8.5×103 and 6.2×103 cells mm−2; p=0.031). In a previous investigation, 

Wang et al. also observed a delayed inflammatory response in STZ-induced diabetic rats, 

although the number of cells decreased between 10 and 25 d [52]. The use of a porcine 

model in our study may account for the disagreement. This difference notwithstanding, the 

persistent inflammation observed in the diabetic pigs was not surprising, as a delayed 

inflammatory response is a known outcome of diabetes [38].

Although the 2–3 d NO-release systems (i.e., RSNO and 3:1 RSNO:DET) were 

characterized with low degrees of inflammation at 3 and 10 d, the inflammatory responses to 
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these membranes became similar to controls at 25 d post-implantation. In agreement with a 

previous study [22], short-term NO release proved incapable of lessening the chronic FBR in 

healthy pigs (Figure 4E). The degree of inflammation in the diabetic pigs was also 

comparable between controls and the 2–3 d NO-releasing membranes. In contrast, the more 

extended NO-release systems (i.e., DET/NO and 1:1 RSNO:DET) maintained low IC 

densities (2–5×103 cells mm−2), a state akin to the quiescent inflammatory responses 

observed at 3 d. Although this data highlights a unique benefit of extended NO release, it is 

unclear as to how 7–13 d of active NO release impacts inflammation up to 18 d later. This 

feature was also evident for the 2–3 d NO-release systems, which reduced the inflammatory 

response at 10 d. These observations are consistent with prior work by Hetrick et al. [21] and 

Nichols et al. [22]. Although these effects are not fully understood, NO is a known mediator 

of several key chemokines/cytokines involved in cell recruitment during the FBR, including 

tumor necrosis factor-α, macrophage chemoattractant-1, and interleukin-1β [29–32]. In this 

regard, NO may delay inflammatory cell recruitment to the implant site, thus resulting in 

prolonged effects even when NO is not actively generated.

Collagen deposition

The most often observed outcome in the FBR to indwelling glucose biosensors is the 

formation of a dense, collagenous tissue layer segregating the sensor from the surrounding 

extracellular matrix [8,13–14]. This collagen layer lacks the extensive vascular network of 

subcutaneous tissue and is populated by metabolically active inflammatory cells, which 

consume glucose in the immediate vicinity. Compounding the issue of glucose availability, 

the collagen capsule is characteristically dense and is an effective transport barrier to 

interstitial glucose that could otherwise be detected by the glucose sensor. As a consequence, 

collagen encapsulation causes attenuation of the glucose sensor signal and a pronounced 

temporal lag (20–30 min relative to blood), ultimately resulting in sensor failure [8]. Nitric 

oxide, released from a surface, can reduce collagen deposition at subcutaneous implants in 

healthy animals [21–22], likely due to NO’s involvement in the production of transforming 

growth factor β (TGF-x) [26] a stimulator of collagen production by fibroblasts [53]. 

However, the impaired wound healing associated with diabetes is at least partly the result of 

disrupted collagen deposition [34,38] which may alter the degree to which an implant is 

encapsulated during the FBR and/or potential benefits of NO. As such, collagen in the 

regions surrounding the mock sensors was visualized in tissue slices stained with Masson’s 

Trichrome. Photomicrographs of the stained tissues were then used to quantify collagen 

deposition proximal to the implant surface (within 200 μm) as a percentage (density) of the 

total image area occupied by blue collagen pixels.

Stained samples immediately adjacent to the implants are shown in Figure 5, and 

micrographs of tissues >10 mm away from the implant are provided for comparison in the 

Supplementary Information section (Figure S4). Of note, collagen analysis was not carried 

out at 3 d as the collagen was sparse with no apparent capsule formation around the implants 

(Figures A–D). By 10 d, a dense capsular layer (collagen densities ~20–30%) had formed 

around most of the control and NO-releasing implants in the healthy pigs (Figures 5E–H and 

6A). After 25 d, typical collagen densities had increased to ~30–50% (Figures 5E–L and 

6B). The progressive isolation of control materials by the collagen capsule during the first 
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several weeks implantation was expected [3,13–14,21–22,54]. Similar to controls, a 

significant amount of collagen surrounded the NO-releasing membranes with the exception 

of the longest NO-release system (DET/NO), with <14% collagen density at both 10 and 25 

d.

Relative to observations in the healthy pigs, collagen deposition was markedly lower in 

tissue samples harvested from the diabetic swine. Typical % collagen values were in the 

range of 5.8–11.5% after 10 d for all samples in the STZ-treated model compared to 9.2–

29.8% in the healthy pigs. Even more disparate collagen density values were observed at 25 

d (11.8–17.4% vs. 29.7–50.0% for the diabetic and control pigs, respectively). No 

discernable difference was noted in the % collagen values between any of the implants 

(control or NO-releasing) in the diabetic pigs at either 10 or 25 d (ANOVA p-values 0.80 and 

0.87, respectively). In agreement with our results, at least two investigations have shown that 

collagen deposition is inhibited during the FBR in diabetic animals [55–56]. In one of these 

studies, the authors suggested that reduced collagen deposition was due to low levels of 

TGF-β in diabetic rats [55]. As NO suppresses TGF-β levels [26], low levels of endogenous 

TGF-β may account for both the low amounts of collagen at control implants and the lack of 

an observable effect at the NO-releasing membranes.

Angiogenesis

Glucose sensor implantation disrupts native tissue and destroys vascular structures in the 

immediate vicinity of the device. As the sensor becomes progressively more isolated by 

inflammatory cells and collagen during the FBR, the proximal tissue remains void of 

vasculature. The lack of blood vessels at the implant site prevents consistent glucose 

transport to the sensor, reducing glucose concentrations at the implant surface and thereby 

contributing to erratic sensor response [8,14,54,57]. Adequate vascularization has thus been 

suggested as a key requirement for ensuring consistent glucose sensor function [8,14,54]. 

Unfortunately, evidence that diabetes impairs angiogenesis [34,37–38] suggests an even 

more unfavorable sensor environment with respect to vascular glucose transport. In this 

respect, NO’s well-known angiogenic capabilities [25–28] may improve blood vessel 

density in the implant microenvironment.

We selected DET/NO and analogous control membranes for further evaluation of blood 

vessel formation (10 d) because this NO-releasing formulation most effectively mitigated 

inflammation and collagen deposition. Vessels in the vicinity of the implants were visualized 

by immunohistochemical staining for the endothelial cell surface marker CD31. 

Representative photomicrographs of the tissue samples (counterstained with hematoxylin), 

both adjacent to the implants and >10 mm away, are provided in Figure 7 and Figure S5, 

respectively. Blood vessel counts, presented graphically in Figure 8, were compared between 

the healthy and diabetic pigs for DET controls (63 and 47 vessels per field, respectively), 

revealing a potential difference that approached statistical significance (p=0.095). This 

observation is consistent with one other study, demonstrating reduced angiogenesis in STZ-

induced diabetic rats [55]. In contrast to the controls, tissues surrounding the NO-releasing 

implants were significantly more vascularized in both the healthy (93 vessels per field) and 

diabetic (81 vessels per field) models. This result was somewhat expected, as NO derived 
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from endothelial nitric oxide synthase is an essential component of angiogenesis during 

tissue remodeling [28]. Several pro-angiogenic growth factors (e.g., VEGF) elicit NO 

production [26,58]. In addition, NO has been shown to stimulate VEGF expression [25]. 

Hetrick et al. also reported increased blood vessel formation in healthy rats using materials 

capable of releasing 1–110 pmol NO cm−2 s−1 [21]. Our work expands on this previous 

investigation, demonstrating that lower fluxes of exogenous NO (~1–12 pmol cm−2 s−1) are 

proangiogenic in both healthy and diabetic swine.

CONCLUSIONS

Prior research has established the utility of polymeric NO release for reducing FBR-related 

inflammation and collagen deposition [21–23] and, in turn, positively influencing the 

analytical performance of in vivo glucose biosensors [24,33]. However, insufficient literature 

regarding the impact of diabetes on the FBR brings into question the relevance of this data. 

The research presented herein represents an important step to understanding differences in 

the FBR in the context of acutely-induced diabetes. In particular, a delayed—but more 

severe—inflammatory response was a unique feature in diabetic pigs. Nitric oxide release 

from the polyurethane materials mitigated the early inflammatory response (i.e., at 3 and 10 

d) in both models, highlighting a key anti-inflammatory benefit associated with this strategy. 

However, only long-term NO-releasing implants maintained low degrees of inflammation at 

extended periods (25 d), counteracting the severe chronic inflammation in the diabetic 

swine. Sustained NO release also stimulated angiogenesis at the implant-tissue interface in 

both the healthy and diabetic swine models. Collectively, we confirm that the anti-

inflammatory and pro-angiogenic properties of NO are preserved regardless of disease state. 

However, a key distinction associated with the FBR in the diabetic swine model was the 

comparatively low degree of capsular tissue formation. Although long-term NO release was 

effective at reducing collagen in healthy pigs, the already minimal amounts of collagen in 

the diabetic pigs appeared to be unaffected by NO, regardless of NO-release kinetics. This 

apparent inhibition of collagen deposition in the diabetic pigs serves to caution against 

extrapolating histological outcomes in healthy animal models to anticipated results in 

diabetic tissue.

There are several aspects of this work that warrant a more detailed study of the FBR. 

Although the developed NO-releasing membranes have overt effects on the FBR in both 

animal models, the biological processes underlying these differences are not well 

understood. Indeed, the mechanisms proposed in this publication are merely speculative, 

based on past literature rather than direct experimental evidence from this work. Analysis of 

key FBR cytokines (transforming growth factor β, interleukin, 1β, tumor necrosis factor α, 

etc.), macrophage polarization markers (cluster of differentiation 163, major 

histocompatibility complex class II, etc.), and cell populations may shed light on more 

subtle aspects of NO’s influence. A similar approach could also be used to examine effects 

of silica particle leaching; although efforts were taken to minimize particle leaching in this 

work, we cannot entirely eliminate leaching as a convoluting variable. Planning and 

execution of these experiments are ongoing.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic of NO-releasing subcutaneous implants. The NO-releasing silica nanoparticles 

were doped into TT polyurethane membranes. An external TPU coating was applied to limit 

particle leaching and ensure consistent surface chemistry for all implant types. The implants 

released NO upon decomposition of the NO donors in vivo by either reaction with protons 

(N-diazeniumdiolates) or through a thermal mechanism (S-nitrosothiols).
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Figure 2. 
Initial (40 min) NO release from PUs in PBS (37 °C, pH 7.41) for (black) RSNO, (green) 

3:1 RSNO:DET, (blue) 1:1 RSNO:DET, and (red) DET/NO systems. The inset displays a 

magnified view of the initial NO-release profile for the DET/NO sample.
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Figure 3. 
Photomicrographs of hematoxylin and eosin-stained tissues adjacent to implanted PU 

materials at (A–D) 3;(E–H) 10; and (I–L) 25 d post-implantation. The number of dark purple 

inflammatory cell nuclei were quantified as a measure of inflammation severity. The asterisk 

(*) in each image indicates the location of the implant. The scale bar at the bottom of the 

image represents a distance of 50 μm. DET/NO and DET Control implants were selected to 

show large differences in the magnitude of the FBR, which are readily visualized in the 

H&E images.
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Figure 4. 
Inflammatory cell densities in the vicinity of subcutaneously-implanted mock sensors at (A, 

B) 3; (C, D) 10; and (E, F) 25 d post-implantation in (A, C, E) healthy and (B, D, F) STZ-

treated pigs. Inflammatory cell counts are expressed as average densities (±standard error of 

the mean) within 200×100 μm areas of tissue immediately adjacent to the implants. Symbols 

above individual bars denote statistical significance between NO-releasing and either DET 

(*) or RSNO (#) control samples at p<0.05. Where appropriate, differences between 

individual NO-release systems are marked with a % symbol. Statistical testing was not 

carried out for the RSNO sample in graphs (B) and (E) due to insufficient sample size. For 

all other samples, results are aggregate data for 3–4 separate implants.
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Figure 5. 
Representative photomicrographs of Masson’s Trichrome-stained tissues adjacent to 

implanted PU materials at (A–D) 3; (E–H) 10; and (I–L) 25 d post-implantation. Collagen 

density was analyzed in 200×50 μm areas immediately proximal to the implant surface and 

expressed as the % area occupied by blue-stained collagen. The asterisk (*) in each image 

indicates the location of the implant. The scale bar at the bottom of the image represents a 

distance of 50 μm. DET/NO and DET Control implants were selected to show large 

differences in the magnitude of the FBR, which are readily visualized in the MT images.
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Figure 6. 
Collagen densities in the tissue surrounding mock sensors at (A) 10 and (B) 25 d post-

implantation for healthy (red bars) and diabetic swine (open bars). Collagen densities are 

expressed as average values (±standard error of the mean). Symbols above individual bars 

denote statistical significance between NO-releasing and either DET (*) or RSNO (#) 

control samples at p<0.05. Where appropriate, differences between identical samples 

implanted in healthy or STZ-treated pigs are denoted with a % symbol. Statistical testing 

was not carried out for the RSNO sample in (B) due to insufficient sample size. For all other 

samples, results are aggregate data for 3–4 separate implants.
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Figure 7. 
Photomicrographs of anti-CD31 and hematoxylin stained tissues adjacent to (A, C) DET/NO 

and (B, D) DET control implants after 10 d in the (A, B) healthy and (C, D) diabetic pigs. 

Blood vessels were identified as open tubular brown structures. The asterisk (*) marks the 

implant location and the scale bar at the bottom left of each image represents 100 μm.
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Figure 8. 
Blood vessels within 400 μm of the surface of DET/NO and DET control implants 10 d post-

implantation in healthy (red bars) and diabetic (open bars) swine. The % symbol denotes a 

significant difference between two implants at p<0.05. Data are presented as aggregate 

results for n=3 of each implant type.
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Table 1.

Nitric oxide release from polyurethane membranes doped with different NO donor-modified silica 

nanoparticles.
a

NO-Release System [NO]
b
 (pmol cm−2 s−1)

4 h 12 h 24 h 48 h 72 h 96 h 144 h 240 h 312 h

RSNO 18.1±8.9 6.1±2.1 3.2±0.8 0.9±0.1 --- --- --- --- ---

3:1 RSNO:DET 23.5±2.9 5.3±1.9 3.8±0.4 1.8±0.7 0.8±0.3 --- --- --- ---

1:1 RSNO:DET 54.7±8.5 18.5±2.2 9.7±0.8 8.4±3.6 5.5±1.6 3.3±1.0 2.1±0.5 --- ---

DET/NO 8.4±0.7 5.7±0.5 4.1±0.6 3.5±0.4 2.9±0.4 3.2±0.6 2.6±0.5 1.4±0.2 0.8±0.2

a
Results are expressed as average values ± standard deviation of n>3 separate experiments.

b
Instantaneous NO flux measured from mock sensor surfaces via chemiluminescence NO analysis.
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