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ABSTRACT: The foreign body response (FBR) to nitoxide (NO)-releasing subcutaneous
implants was compared between healthy and strefoicineinduced diabetic swine by evaluating
inflammation, collagen capsule formation, and aggiesis. Steel wire substrates were first
modified with polyurethane membranes capable oémdi® NO-release kinetics (NO fluxes and
release durations of 0.8-630.0 pmol Trs' and 2-13 d, respectively). The NO-releasing
materials were implanted in the subcutis for 3, 10, 25 d for histological and

immunohistochemical evaluation of the FBR. A dethymore severe inflammatory response to
control (i.e., non-NO-releasing) implants was oliedrin diabetic pigs relative to healthy swine.
Regardless of the animal disease state, each N@sieh implant tested elicited reduced
inflammation compared to controls at both 3 andd1Blowever, only the NO-release materials
capable of releasing low NO fluxes (0.8-3.3 pmol°ceri) for 7-13 d durations mitigated the

inflammatory response at 25 d. Using immunohistotbal staining for the endothelial cell

surface marker CD-31, we also observed poor blessel development at non-NO-releasing

implants in diabetic swine. Relative to controlgQ{kleasing implants with the longest NO-



release duration (13 d) increased blood vesselitttmngy 47.1 and 70.4% in the healthy and
diabetic pigs, respectively. In the healthy mode&sues surrounding the long NO-release
materials contained sparse amounts of collagenreaBeimplants with shorter NO-release
durations (2, 3, and 7 d) were characterized witdlerase collagen encapsulation layer, similar to
controls. Collagen deposition in diabetic swine widsibited, and unaffected by NO. These
results emphasize several key differences in the FBthe setting of acute onset diabetes. The
observation that NO release counteracts the mowerseFBR in diabetic swine while

simultaneously promoting tissue integration mayhglide the design of medical implants (e.g.,

glucose sensors) with improved performance foretedmanagement.

Keywords: Diabetes; Foreign Body Response; Gluddmsensor; Inflammatory Response;

Nitric Oxide; Wound Healing



INTRODUCTION

In vivo glucose biosensors have been developaddologies for continuous glucose
monitoring of patients afflicted with diabetes nited [1]. Unfortunately, the in vivo analytical
performance of such devices in subcutaneous tissgempromised due to the foreign body
response (FBR) [1-3]. Sensor insertion damagesularsred tissue, resulting in local bleeding
and accumulation of proteins and protein fragmenmisthe surface of the sensor [4]. The
adsorbed protein layer is responsible for an imatediecrease (40-80%) in glucose sensitivity
and serves as an anchor for cell adhesion [5]ltration of the implant site by inflammatory
cells (e.g., neutrophils, macrophages) [3] durihg ensuing inflammatory response further
impacts in vivo sensor performance [6-9]. For ins& pro-inflammatory macrophages have
abnormally large metabolic demands and create g&cdepletion zones in the sensor
microenvironment [7,9]. Failure to digest the sensacites frustrated phagocytosis and
macrophage fusion to form foreign body giant c¢l§ Stress-cracking or delamination of
sensor coatings by these polynuclear cells isquért cause of in vivo sensor failure [10]. Even
for materials that are relatively insusceptibl@xidative damage (e.g., polycarbonate urethanes)
[11], phagocytic activity by macrophages and gieelis may decrease the pH in the tissue
surrounding the sensor (extreme pH values 3.6) Yti#} the potential to interfere with the
enzyme-based sensor response. Conclusion of theis~Bfarked by the deposition of a dense,
avascular collagen capsule around the implantegose@apsule formation obstructs interstitial
glucose transport and causes a pronounced tempgrad the sensor signal, thereby preventing

the sensor from accurately tracking glucose comatans [8,13-14].

The analytical performance of in vivo glucose sessis inherently linked with all

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



surface chemistry [16], proper selection of coatingterials alone is insufficient to improve
glucose sensor function. The most promising biocibpity strategies have instead aimed to
reduce inflammation and simultaneously guide wotwedling at the sensor tissue interface.
Topographical cues (i.e., porosity) [17], activdease of anti-inflammatory agents (e.qg.,
Dexamethasone) [18-19], and delivery of angiogestimulators (vascular endothelial growth
factor, platelet-derived growth factor) [20] havkleen investigated as approaches to reduce the
FBR. Our laboratory has proposed the release oicrixide (NO) from polymeric implant
coatings to mitigate the FBR [21-24]. Nitric oxidanctions as an angiogenic agent by
upregulating vascular endothelial growth factor B production [25-28]. NO also mediates
inflammatory cell recruitment and phenotypes byfating key cytokines/chemokines involved
in the FBR (e.g., tumor necrosis factgrmacrophage chemoattractant protein-1, interle@gjn
[29-32], although the mechanisms for NO’s involvamm inflammation have not been fully

investigated.

Prior research in our laboratory has shown thatrBl€asing surfaces reduce the FBR
and improve attributes of glucose sensor performafiel-24,33]. Hetrick et al. first
demonstrated the use of NO-releasing silica xesogemitigate FBR-related inflammation and
collagen deposition in mouse subcutaneous tisauesegiuent work by Nichols et al. revealed a
dependence of the FBR on NO-release kinetics R2ycutaneous implants capable of extended
NO release_(>3 d) reduced inflammation and colladggposition, whereas rapid release (<24 h)
lead to increased collagen encapsulation. Two agpatudies have confirmed the benefits of

NO release and a reduced FBR to in vivo glucossmerccuracy [24,33].

Despite promising tissue histology and preclinisahsor performance data [21-24,33],

each of these initial studies utilized healthy aadirmodels. Relative to healthy tissue, diabetic



wounds are generally characterized as having insteqvound repair processes [34], altered
inflammatory cell infiltration and cytokine prodimt [35], and disrupted blood flow [36].

Reduced angiogenesis and cytokine production awures that are at least partially due to
inhibited NO production [37-38]. These disparitiesve been characterized in the context of
wound healing in humans, but the effects of a tprdiody (i.e., an implanted glucose sensor) on
inflammation and tissue reconstruction have nonks&eadied in great detail. Furthermore, it is
unclear if the benefits of NO, documented in prasidissue histology [21-22] and functional

sensor experiments [24,33], will counteract the mebinealing deficiencies concomitant with

diabetes. Our hypothesis is that supplementingedi@isubcutaneous wounds with exogenous
NO (i.e., from NO-releasing polymers) will help tdfset the negative effects (i.e., altered

angiogenesis and inflammation) arising from int@diNO production.

Herein, the tissue responses to control and NGaselg polyurethane materials are
evaluated in both healthy and diabetic porcine nsote generate new information on how
diabetes impacts FBR-related inflammation and gelta deposition. Polymers capable of

tunable NO release were employed to assess thefrbl® on the FBR in diabetic tissue.

EXPERIMENTAL SECTION

Materials

Tetraethylorthosilicate (TEOSIN-(3-trimethoxypropyl)diethylenetriamine (DET) and 3
mercaptopropyltrimethoxysilane (MPTMS) were purdthsrom Gelest (Morrisville, PA) and
stored under nitrogen. Aqueous ammonium hydroxidid,OH; 29.41 wt% ammonia), sodium
methoxide (NaOMe; 5.4 M in methanol), ethanol (EtOH; 200 proof), hydrochloric acid (HCI),

all salts, and anhydrous solvenb$N-dimethylformamide (DMF), tetrahydrofuran (THF),dan



methanol (MeOH)) were purchased from Fisher Sdienti(Fair Lawn, NJ).
Cetyltrimethylammonium bromide (CTAB) was purchasBdm Sigma (St Louis, MO).
Nitrogen (N), argon (Ar), and nitric oxide calibration (25.%pm in nitrogen) gases were
purchased from Airgas National Welders (Raleigh,)NBure NO gas was purchased from
Praxair (Danbury, CT). Soft stainless steel wirB6(3im dia.) was purchased from McMaster-
Carr (Atlanta, GA). Tecoflex SG-85A (TPU) and Tdwe TT-2072D-B20 (TT) polyurethanes
(PUs) were received from Lubrizol (Cleveland, OBjteptozotocin was purchased as a sterile
powder from Teva and reconstituted in sterile sati 100 mg mt. Water was purified to a
resistivity of 18 M2 cm and a total organic content of <6 ppb usingilipjdre Reference water

purification system.
Synthesis of NO donor-modified mesoporous silica nanoparticles

Mesoporous silica nanoparticles functionalized watther N-diazeniumdiolate oS
nitrosothiol (RSNO) NO donors were synthesized gisiariants of the Stdber method, as
reported previously [39-40]. Detailed synthesiscedures are provided in the Supplementary

Information section.

Preparation of nitric oxide-releasing polyurethane membrane-coated i mplants

Nitric oxide-releasing polymerimembranes were fabricated by doping control or NO
donor-modified MSNs into biomedical-grade polyusste (Tecothane TT-2072D-B20; TT).
Polymer solutions were initially prepared by dissod 360 mg polyurethane (PU) in THF (3.00
mL). The silica particles were dispersed in THFanseparate container, added to the PU
solution, and vortexed. The final PU concentratizas 80 mg mL* for all solutions. The final

concentration of particles in the PU solution wésrdg mL*. In cases of dual RSNO and



DET/NO particle incorporation, two separate pagtidispersions were prepared and added to the

PU.

Stainless steel wire served as the substrate fposikeng the NO-releasing PU
composites due to similar geometry and size condpar@eedle-type glucose sensors (~350 pum
diameter). The wire was initially cut into 7 cm @és and sterilized in a steam autoclave. All
subsequent coating procedures were carried outsterde biological safety cabinet. The wires
were modified with the NO-releasing membranes Weahting into the PU/MSN solution and
drying for 1 h. The total number of coats was ¥6.TPU topcoat (60 mg mt in THF) was
applied to all membranes to minimize leaching & MSNs from the membranes. The external
PU coat also served to ensure consistent surfaemistry across the different implants, as
surface chemistry could represent a convolutingatsée with respect to FBR severity. The
coated portion of the wire was cut to a final léngt 15 mm prior to coating the exposed ends
with the TPU topcoat solution. After drying (~1 hfe implants were housed individually in
sterile microcentrifuge tubes and stored in alsteacuum-sealed Mylar bag at -8D until use.
Control (i.e., non-NO-releasing) materials werepgared in an identical manner except that the
particles were not functionalized to release NO.nOte, the control particles were washed 3
with sodium methoxide following the 'Hon exchange step of the MSN purification process

remove ionically bound protons.
Membrane characterization

Nitric oxide release from the PU membranes wassomea using a Sievers 280i
chemiluminescence NO analyzer (NOA; Boulder, Cdj)e NOA was calibrated immediately

before all measurements using air passed througdCarzero filter as the blank value and 25.87



ppm NO (in nitrogen gas) as the second calibrattandard. The NO-releasing membranes were
immersed in phosphate buffered saline (PBS; 10 miM,7.41) at 37°C. For membranes that
contained RSNO-modified particles, the NOA samfdsk was shielded from light. In addition,
500 uM DTPA was added to the PBS to chelate trapper ions, thus restricting NO release to
thermal mechanisms. The NO released from the merabravas carried to the NOA by stream
of nitrogen gas (80 mL mif) bubbled through the PBS solution. Supplementabgén gas flow
was provided to the NOA to match the 200 mL Thimstrument intake. Nitric oxide was
detected indirectly by chemiluminesce emission frexuited-state nitrogen dioxide, formed by
reaction between NO and ozone. Data was colled¢tadsampling frequency of 1 Hz, providing
near real-time measurements of NO release fromPtdemembranes. Measurements were
terminated when NO concentrations fell below theeckson limit of the NOA (~6 ppb or 0.8

pmol cm? s™).

Particle leaching from the membranes was assdgsedaking membranes in PBS for a
pre-determined period of time (1-28 d) and meaguitie silicon content of soak solutions via
inductively coupled plasma optical emission speungtry (ICP-OES; Teledyne-Leeman Labs
Prodigy high-dispersion ICP; Hudson, NH). The iastent was initially calibrated using sodium
silicate standards in PBS (0.1-25 ppm; 251.611 nen®ssion line) to ensure linear response
over the anticipated range of particle concentratioCalibration curves were subsequently
generated for each type of silica particle and canegh to Si emission intensity values from the

membrane soak solutions for leaching determination.



In vivo protocol

All procedures and protocols were in accordanceh vimstitutional guidelines and
approved by the Institutional Animal Care and Usem@ittee at the University of North
Carolina in Chapel Hill. Twelve mixed gender Yorkshtype piglets, weighing approximately
12-17 kg at the study onset, were used. Diabetesndaiced in half of the piglets (three males
and three females) by repeated intravascular adtratibn of streptozotocin (25-50 mgk@—

4 doses over 4—6 d) until elevated post-prandial bigiacose values (171 + 50 mglmean +
standard deviation) were consistently observedmpeck glucose measurements. Pooled blood
glucose values for controls (i.e., without STZ tneent) were 61 + 18 mg dL The pigs were
maintained for 2—6 days prior to implanting the ksensors. On the day of implantation, the
pigs were initially sedated with Telazol. Anestlaegias maintained with isoflurane delivered
through an endotracheal tube. The mock sensors ingkanted using aseptic technique by
cannulation into the subcutaneous tissue using & l&theter inserter. The implants were
organized into 4 groups on either side of the spneontrol for variability due to implant
location, for a total of two implants of each typer animal (4 implants per time point and
disease state). After a pre-determined periodrnog t{3, 10, or 25 d), the pigs were euthanized
and the test articles located using a portable yXinaaging system. Tissues surrounding the
mock sensors were explanted en bloc and fixed invdl@® buffered formalin. Thin, serial
sections (~5 pum) were stained with hematoxylin andin (H&E) or Masson’s Trichrome for
visualization of inflammatory cells or collagenspectively. Following an antigen retrieval step,
immunohistochemical analysis for cluster of diffgration marker 31 (CD31), an endothelial
cell surface marker, was carried out using pig{reacanti-CD31 antibodies from Abcam

(ab28364; 1:500 dilution of stock antibody).



The severity of the inflammatory response was ss&gk from photomicrographs of
hematoxylin and eosin-stained tissue slices. Tmebau of inflammatory cells (e.g., neutrophils,
macrophages) within ~200 um of the implant surfa@s counted by a blinded observer.
Average numbers of inflammatory cells (ICs), noized to the tissue area (i.e., IC densities),
served as indicators of inflammatory response #gveOf note, these counts excluded
extravasated erythrocytes, which are not associaitdd the FBR. Collagen deposition was
guantified within 200 um of the implant surface garty to previous reports [21-22,41] using
Masson’s Trichrome-stained tissue sections. Patadrthe photomicrographs that stained blue,
originating from collagen fibers, were isolatedngsa color filter in photoshop and then inverted
so that white pixels corresponded to collagen fib&egions 200x50 um in size were then
cropped from the image and saved as text imagesustom MATLAB script was used to
determine a percent collagen density by comparreg number of white pixels to the total
number of pixels in the image. Immunohistochemistining for CD31 was employed to
guantitatively evaluate angiogenesis by countirggtttal number of blood vessels, identified as

open tubular brown structures, within 400 um ofithplant surface.

Satistical analysis

Inflammatory cell densities and collagen depositi@ata were tested for normality using
a Shapiro-Wilk test. In all cases, the data weiterdgned to be distributed normally at >99%
confidence. Thus, the data were analyzed usingoataiked student’s t-test with p-values <0.05
considered statistically significant. For multiglemparisons, one-way Analysis of Variance was
used followed by individual comparisons using adett’s t-test with an applied Bonferroni

correction.
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Figure 1. Schematic of NO-releasing subcutaneous implantee NO-
releasing silica nanoparticles were doped into Blyyrethane membranes.
An external TPU coating was applied to limit pdditeaching and ensure
consistent surface chemistry for all implant typése implants released NO
upon decomposition of the NO donors in vivo by @itheaction with protons
(N-diazeniumdiolates) or through a thermal mechar{Smtrosothiols).



RESULTS AND DISCUSSION

Polyurethane materials with diverse NO-release gn@s were fabricated by doping
Tecothane (TT) PU membranes with two different sypeNO-releasing MSNs (Figure 1). The
NO-releasing polymers were coated onto steel wirestsates that mimicked the size and
geometry of needle-type electrochemical glucosedrisors used in previous studies [24,33].
The mock sensors were further modified with a TRlgcbat that normalized the surface
chemistry of all implants. The membrane NO-reldasetics were intentionally manipulated by
careful selection of the NO donor modification be silica particle dopants. For instance, Xhe
diazeniumdiolate moiety (i.e., the DET particle Nf@nor modification) undergoes proton-
initiated decomposition to release NO at rates de@et on pH, temperature, and the chemical
structure of the precursor amine [42]. By incorpiogathe NO donor-modified DET particles
into a hydrophobic aromatic Tecothane PU, protacess to théN-diazeniumdiolate moiety is
reduced, thus prolonging NO release. The resultmggnbranes (DET/NO) released low NO
fluxes (1-12 pmol cffi s*) for ~13 d (Table 1). To achieve more rapid NOeask, MSNs
modified with S-nitrosothiol NO donors (RSNOs) were co-incorpodatdéth DET/NO patrticles
in Tecothane PUS-nitrosothiols undergo thermally initiated S—N bardavage in vivo and thus
have NO-release kinetics largely independent ofwheer uptake of the surrounding polymer
matrix. Membranes prepared exclusively with RSNQtiglas released large, maximum NO
fluxes (630 pmol cM s*) and exhausted their NO supply within 48 h (TabjeFigure 2)
Materials incorporating both types of NO donor-nfiedi MSNs (at 3:1 and 1:1 RSNO:DET
mass ratios) released more intermediate NO fluxially (285 and 200 pmol ci s?,
respectively) and maintained NO release above p@@l cmi® s* for longer durations (3 and 7

d, respectively) than the RSNO system alone. TheN®-releasing membranes that were
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chosen for evaluation (i.e., DET/NO, 3:1 RSNO:DHT1 RSNO:DET, and RSNO) release
sufficient amounts of NO (>1.pmol cmi?, Figure S1) at fluxes shown to mitigate the FBR in
healthy animal models (1-384 pmol €ns') [21-22]. The membranes also release NO for
durations that align with the anticipated timelines the acute and chronic inflammatory

responses (~1-2 and 3-14 d, respectively) [3,43-44]

Although silica is generally tolerable in vivo [4%eaching of the NO-releasing particles
from the PU membranes could prove problematic,les sranoparticles may be phagocytosed
by macrophages, increasing production of pro-inffetory cytokines (e.g., interleukirg,l
tumor necrosis factar) [46-47]. Given the potential for leachable silicaoffset any favorable
effects of NO on the FBR, we assessed particlehlagcfrom the MSN-doped membranes.
Quantitative ICP-OES analysis of silicon conceimtreg in membrane soak solutions indicated
minimal (<5%) silica particle leaching from eachtbé NO-releasing and control membranes.

The materials were thus deemed suitable for fugkietuation of the FBR.

Table 1 Nitric oxide release from polyurethane membrangsed with different NO donor-modified
silica nanoparticle8.

[NOJ® (pmol cm? s%)

NO-Release
System 4h 12h 24h  48h  72h  96h  144h  240h  312h
RSNO 18.1+8.9 6.1+2.1 3.2+0.8 0.9x0.1 o

3:1 RSNO:DET 23.5+2.9 5.3#1.9 3.8+40.4 1.8+0.7 0.8+0 --- --- ---
1:1 RSNO:DET 54.7+8.5 185+2.2 9.7+40.8 8.4+3.6 46+ 3.3+1.0 2.1+0.5 ---

DET/NO 8.4+0.7 5.7+0.5 41+06 3.5#04 29+04 B 2.6x05 1.4+0.2 0.8+0.c

%Results are expressed as average values * staddsiation of n>3 separate experimertmstantaneous NO flux
measured from mock sensor surfaces via chemilurémes NO analysis.



Inflammatory response

A porcine model was selected for FBR evaluation ttusimilarities in subcutaneous
tissue composition (i.e., proportion of adiposeues and collagen content) between pigs and
humans [48-51]. Chemical induction of diabetes wagied out by administrating multiple
doses of the pancreatfccell cytotoxin, streptozotocin (STZ), over a 4—eriod preceding
implantation of the materials. Diabetes inductionthe pigs was confirmed by greater post-
prandial blood glucose values relative to untregégs (171 + 50 and 61 + 18 mg dL
respectively; Figure S2). Hyperglycemia was mairadifor the entire study duration (i.e., 1 mo)

using this protocol.

Inflammatory cells negatively impact glucose sengerformance, due in part to their
large, localized glucose/oxygen consumption andityaliio damage sensor components via
respiratory bursts (i.e., release of reactive orygad nitrogen species) [7-8,10,12]. Elevated
inflammatory cell presence is consistently linkedpbor sensor performance [7-9]. As such,
photomicrographs of hematoxylin and eosin-staimneiies were used to quantitatively assess the
inflammatory response. The severity of the inflartona response was determined at three
different implantation periods (3, 10, and 25 dyl aonsidered with respect to both NO and
animal model disease state. The 3 d tissue respmmsgsted primarily of macrophages (based
on nuclear morphologies observed in the hematoxatith eosin stains; Figure 3), indicating the
3 d time point corresponded to onset of the chromitammatory response [3]. This
inflammatory response was largely localized to ~100 from the implant surface, while
unperturbed tissues (>10 mm from control implamtgye only sparsely populated with cells
(Figure S4). Inflammatory cell densities adjacentontrol (non-NO-releasing) implants at 3 d

were similar between the healthy and diabetic ig3—3.%10° cells mn¥), indicating that
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DET/NO DET Control DET/NO DET Control

SN

3d

10d

25d

Figure 3. Photomicrographs of hematoxylin and eosin-statiesilies adjacent to implanted

PU materials at (A-D) 3;(E—H) 10; and (I-L) 25 dsponplantation. The number of dark

purple inflammatory cell nuclei were quantified asneasure of inflammation severity. The
asterisk (*) in each image indicates the locatibthe implant. The scale bar at the bottom of
the image represents a distance of 50 um. DET/NODEAT Control implants were selected
to show large differences in the magnitude of tB&Fwhich are readily visualized in the

H&E images.

diabetes does not impact initial cell recruitmeRelease of NO during the first 3 d elicited a

modest reduction in the inflammatory response f@ healthy pigs (10-30%; Figure 4A),
although these differences were largely statidyigakignificant. Inflammation was mitigated to
a greater degree by NO in the STZ-treated pig$) 88-50% reductions in the number of ICs at
NO-releasing implants relative to controls (Figd). There were no significant differences
between the NO-releasing membranes in the heaittiabetic pigs (ANOVA p-values 0.46 and

0.62, respectively), indicating the large initiaDNluxes (18—630 pmol cfs?) released by the
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Figure 4. Inflammatory cell densities in the vicinity of stianeously-implanted mock sensors at
(A, B) 3; (C, D) 10; and (E, F) 25 d post-implamatin (A, C, E) healthy and (B, D, F) STZ-
treated pigs. Inflammatory cell counts are expresseaverage densities (fstandard error of the
mean) within 208100 um areas of tissue immediately adjacent tantptants. Symbols above
individual bars denote statistical significancevatn NO-releasing and either DET (*) or RSNO
(#) control samples at p<0.05. Where appropriaiéerdnces between individual NO-release
systems are marked with a % symbol. Statisticaingsvas not carried out for the RSNO sample
in graphs (B) and (E) due to insufficient sampleesiFor all other samples, results are aggregate
data for 3—4 separate implants.



RSNO-based membranes over the first 4 h, did npaancell presence to a greater extent than
the DET/NO system (NO concentrations <12 pmol?cet). Lower NO fluxes, released
gradually during the first 2-3 d in which FBR-agated cells infiltrate the implant site, thus

appear to be responsible for the reduced inflammagsponse.

A more severe inflammatory response was observeddatrol implants after 10 d
relative to the initial (3 d) time point (Figures &nd 3H). For example, IC counts for the RSNO
controls in the healthy and diabetic animals wefe®® and 6.210° cells mn¥, respectively,
compared to 3-4.0° cells mn? at 3 d. A reduced inflammatory response was evidemost
NO-releasing implants in both animal models (Figu#C and 4D). In healthy swine, low,
sustained NO release from the DET/NO membranes {42 pmol crii s*for 13 d) resulted in
fewer inflammatory cells than the more rapid RSNCGd RSNO:DET NO-release systems. In
agreement with previous work [22], this result segjg that materials with more extended NO-
release kinetics more favorably mitigate the inftaatory response. However, there were no
discernable differences arising from varying NCeasle kinetics in the diabetic pig model

(ANOVA p=0.364).

Additional cell recruitment to the implant site sed after 10 d in the healthy swine
model, indicating resolution of the initial inflanatory response. Indeed, IC counts at 10 and 25
d post-implantation were similar for both sets ofittols. In contrast, the inflammatory response
became more severe in the diabetic pigs. Inflammatell densities nearly doubled after 25 d in
comparison to the 10 d values for DET controls44P0° and 6.410° cells mn¥, respectively;
p=0.006), and the inflammatory response for RSNftrots was similarly elevated (&50° and
6.2x10° cells mn?; p=0.031). In a previous investigation, Wang etad$o observed a delayed

inflammatory response in STZ-induced diabetic ratthough the number of cells decreased



between 10 and 25 d [52]. The use of a porcine modeur study may account for the
disagreement. This difference notwithstanding, pegsistent inflammation observed in the
diabetic pigs was not surprising, as a delayedamifhatory response is a known outcome of

diabetes [38].

Although the 2-3 d NO-release systems (i.e., RSN@ 8:1 RSNO:DET) were
characterized with low degrees of inflammation ar®l 10 d, the inflammatory responses to
these membranes became similar to controls at p6sttimplantation. In agreement with a
previous study [22], short-term NO release provechpable of lessening the chronic FBR in
healthy pigs (Figure 4E). The degree of inflamnmaiio the diabetic pigs was also comparable
between controls and the 2—3 d NO-releasing mersbrdn contrast, the more extended NO-
release systems (i.e., DET/NO and 1:1 RSNO:DEThtaaied low IC densities (2x50° cells
mm?), a state akin to the quiescent inflammatory raspe observed at 3 d. Although this data
highlights a unique benefit of extended NO rele@ss,unclear as to how 7-13 d of active NO
release impacts inflammation up to 18 d later. Te&ure was also evident for the 2-3 d NO-
release systems, which reduced the inflammatorgorese at 10 d. These observations are
consistent with prior work by Hetrick et al. [21fig Nichols et al. [22]. Although these effects
are not fully understood, NO is a known mediatos@feral key chemokines/cytokines involved
in cell recruitment during the FBR, including tumarecrosis factor, macrophage
chemoattractant-1, and interleukifi-[29-32]. In this regard, NO may delay inflammatasil|
recruitment to the implant site, thus resultingpmlonged effects even when NO is not actively

generated.



Collagen deposition

The most often observed outcome in the FBR to ifldweglucose biosensors is the
formation of a dense, collagenous tissue layereggging the sensor from the surrounding
extracellular matrix [8,13-14]. This collagen laykxcks the extensive vascular network of
subcutaneous tissue and is populated by metaldglactive inflammatory cells, which consume
glucose in the immediate vicinity. Compounding tbsue of glucose availability, the collagen
capsule is characteristically dense and is an tefeetransport barrier to interstitial glucose that
could otherwise be detected by the glucose sedsoa consequence, collagen encapsulation
causes attenuation of the glucose sensor signalaapcbnounced temporal lag (20-30 min
relative to blood), ultimately resulting in sengaiture [8]. Nitric oxide, released from a surface,
can reduce collagen deposition at subcutaneousintin healthy animals [21-22], likely due to
NO'’s involvement in the production of transformiggpwth factorp (TGF) [26] a stimulator
of collagen production by fibroblasts [53]. Howevigre impaired wound healing associated with
diabetes is at least partly the result of disruptethgen deposition [34,38] which may alter the
degree to which an implant is encapsulated dutiegRBR and/or potential benefits of NO. As
such, collagen in the regions surrounding the nssrisors was visualized in tissue slices stained
with Masson’s Trichrome. Photomicrographs of thengd tissues were then used to quantify
collagen deposition proximal to the implant surf@eéhin 200 um) as a percentage (density) of

the total image area occupied by blue collagenlgixe

Stained samples immediately adjacent to the implame shown in Figure 5, and
micrographs of tissues >10 mm away from the implam@ provided for comparison in the
Supplemental Information section (Figure S4). Oknaoollagen analysis was not carried out at 3

d as the collagen was sparse with no apparent kegfssmation around the implants (Figures



Healthy Model STZ-Treated Model

DET/NO DET Control ] DET Control
% B RN\ . c % p\
3d
10d
25d

Figure 5. Representative photomicrographs of Masson’s Toitla-stained tissues adjacent
to implanted PU materials at (A-D) 3; (E-H) 10; ghel) 25 d post-implantation. Collagen
density was analyzed in 2680 um areas immediately proximal to the implanfasie and
expressed as the % area occupied by blue-staillEdy@o. The asterisk (*) in each image
indicates the location of the implant. The scale dathe bottom of the image represents a
distance of 50 um. DET/NO and DET Control implamisre selected to show large
differences in the magnitude of the FBR, whichragaily visualized in the MT images.
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Figure 6. Collagen densities in the tissue surrounding nemeisors
at (A) 10 and (B) 25 d post-implantation for hegl(hed bars) and
diabetic swine (open bars). Collagen densities expressed as
average values (zstandard error of the mean). Skgmhbove
individual bars denote statistical significancewssn NO-releasing
and either DET (*) or RSNO (#) control samples €0/05. Where
appropriate, differences between identical samjeslanted in
healthy or STZ-treated pigs are denoted with a Béb®}. Statistical
testing was not carried out for the RSNO samplgBh due to
insufficient sample size. For all other samplesults are aggregate
data for 3—4 separate implants.



A-D). By 10 d, a dense capsular layer (collagersiiies ~20-30%) had formed around most of
the control and NO-releasing implants in the heafilys (Figures 5E —H and 6A). After 25 d,
typical collagen densities had increased to ~30-%Bigures 5E-L and 6B). The progressive
isolation of control materials by the collagen adpsiuring the first several weeks implantation
was expected [3,13-14,21-22,54]. Similar to comstroh significant amount of collagen
surrounded the NO-releasing membranes with thepgioreof the longest NO-release system

(DET/NO), with <14% collagen density at both 10 &&dd.

Relative to observations in the healthy pigs, gdladeposition was markedly lower in
tissue samples harvested from the diabetic swipgic@l % collagen values were in the range of
5.8-11.5% after 10 d for all samples in the STatd model compared to 9.2-29.8% in the
healthy pigs. Even more disparate collagen densityes were observed at 25 d (11.8-17.4% vs.
29.7-50.0% for the diabetic and control pigs, respely). No discernable difference was noted
in the % collagen values between any of the impléoontrol or NO-releasing) in the diabetic
pigs at either 10 or 25 d (ANOVA p-values 0.80 @87, respectively). In agreement with our
results, at least two investigations have showm ¢tblagen deposition is inhibited during the
FBR in diabetic animals [55-56]. In one of thesedsts, the authors suggested that reduced
collagen deposition was due to low levels of TGk diabetic rats [55]. As NO suppresses
TGF levels [26], low levels of endogenous T@Fnay account for both the low amounts of

collagen at control implants and the lack of aneobable effect at the NO-releasing membranes.

Angiogenesis

Glucose sensor implantation disrupts native tissuwkdestroys vascular structures in the

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



inflammatory cells and collagen during the FBR, theoximal tissue remains void of
vasculature. The lack of blood vessels at the imée prevents consistent glucose transport to
the sensor, reducing glucose concentrations aintb&nt surface and thereby contributing to
erratic sensor response [8,14,54,57]. Adequateuleaszation has thus been suggested as a key
requirement for ensuring consistent glucose sefuswtion [8,14,54]. Unfortunately, evidence
that diabetes impairs angiogenesis [34,37-38] sitggan even more unfavorable sensor
environment with respect to vascular glucose trarisgn this respect, NO’s well-known
angiogenic capabilities [25-28] may improve bloodessel density in the implant

microenvironment.

We selected DET/NO and analogous control membrémesirther evaluation of blood
vessel formation (10 d) because this NO-releasmmgndilation most effectively mitigated
inflammation and collagen deposition. Vessels mltinity of the implants were visualized by
immunohistochemical staining for the endotheliall stirface marker CD31. Representative
photomicrographs of the tissue samples (counteedaivith hematoxylin), both adjacent to the
implants and >10 mm away, are provided in Figuend Figure S5, respectively. Blood vessel
counts, presented graphically in Figure 8, weremamed between the healthy and diabetic pigs
for DET controls (63 and 47 vessels per field, eetipely), revealing a potential difference that
approached statistical significance (p=0.095). Dinservation is consistent with one other study,
demonstrating reduced angiogenesis in STZ-indudebtetic rats [55]. In contrast to the
controls, tissues surrounding the NO-releasing amigl were significantly more vascularized in
both the healthy (93 vessels per field) and dial(@l vessels per field) models. This result was
somewhat expected, as NO derived from endothelisic noxide synthase is an essential

component of angiogenesis during tissue remod§i8p Several pro-angiogenic growth factors
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Figure 7. Photomicrographs of anti-CD31 and hematoxylinrstdi
tissues adjacent to (A, C) DET/NO and (B, D) DEhteol implants
after 10 d in the (A, B) healthy and (C, D) diabepigs. Blood
vessels were identified as open tubular brown siras. The

asterisk (*) marks the implant location and thelesdaar at the
bottom left of each image represents 100 pm.



(e.g., VEGF) elicit NO production [26,58]. In addit, NO has been shown to stimulate VEGF
expression [25]. Hetrick et al. also reported iasexl blood vessel formation in healthy rats
using materials capable of releasing 1-110 pmoldi@ s* [21]. Our work expands on this
previous investigation, demonstrating that lowexés of exogenous NO (~1-12 pmol tsT)

are proangiogenic in both healthy and diabetic swin
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Blood Vessels per Field
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Figure 8. Blood vessels within 400 pum of the
surface of DET/NO and DET control implants 10 d
post-implantation in healthy (red bars) and diabeti
(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.

CONCLUSIONS

Prior research has established the utility of p@sim NO release for reducing FBR-
related inflammation and collagen deposition [2]1-28d, in turn, positively influencing the
analytical performance of in vivo glucose biosess[#4,33]. However, insufficient literature
regarding the impact of diabetes on the FBR brings question the relevance of this data. The

research presented herein represents an impotggntcsunderstanding differences in the FBR in



the context of acutely-induced diabetes. In pakdicua delayed—but more severe—
inflammatory response was a unique feature in diah@gs. Nitric oxide release from the
polyurethane materials mitigated the early inflartonaresponse (i.e., at 3 and 10 d) in both
models, highlighting a key anti-inflammatory behedssociated with this strategy. However,
only long-term NO-releasing implants maintained ldegrees of inflammation at extended
periods (25 d), counteracting the severe chrorfiarimmation in the diabetic swine. Sustained
NO release also stimulated angiogenesis at theamyblssue interface in both the healthy and
diabetic swine models. Collectively, we confirmttiize anti-inflammatory and pro-angiogenic
properties of NO are preserved regardless of dissiase. However, a key distinction associated
with the FBR in the diabetic swine model was thenparatively low degree of capsular tissue
formation. Although long-term NO release was eftecat reducing collagen in healthy pigs, the
already minimal amounts of collagen in the diabgiigs appeared to be unaffected by NO,
regardless of NO-release kinetics. This appardmbition of collagen deposition in the diabetic
pigs serves to caution against extrapolating hagiohl outcomes in healthy animal models to

anticipated results in diabetic tissue.

There are several aspects of this work that waraamtore detailed study of the FBR.
Although the developed NO-releasing membranes baee effects on the FBR in both animal
models, the biological processes underlying theerences are not well understood. Indeed,
the mechanisms proposed in this publication areeiyespeculative, based on past literature
rather than direct experimental evidence from thisrk. Analysis of key FBR cytokines
(transforming growth factof, interleukin, B, tumor necrosis factown, etc.), macrophage
polarization markers (cluster of differentiation316najor histocompatibility complex class II,

etc.), and cell populations may shed light on nsubtle aspects of NO’s influence. A similar



approach could also be used to examine effectdicd particle leaching; although efforts were
taken to minimize particle leaching in this worke wannot entirely eliminate leaching as a

convoluting variable. Planning and execution oSthexperiments are ongoing.
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Synthesis of N-diazeniumdiolate-modified mesoporous silica nanoparticles

Mesoporous silica nanoparticles (MSNs) functioredizwith N-diazeniumdiolate NO
donors were synthesized using a variant of theeBtiitethod, as reported previously [40]. Bare
mesoporous silica particles were first preparedafiging TEOS (1.395 mL) to a solution of
water (162 mL), EtOH (175 mL), Nj@H (11.8 mL), and CTAB (280 mg). The silicate smat
was allowed to stir for 2 h until MSN formation wesmplete, after which DET (1.31 mL) was
added dropwise over 1 min to initiate cation exdgabetween CTAB and the aminosilanes. The
reaction was stirred overnight (~18 h). Secondamna-modified particles were subsequently
collected via centrifugation (65404 °C, 5 min). Residual CTAB in the MSN mesopores was
removed via ion exchange with" kbns by sonicating the particles in an ethanol@l KHolution
(9:1 v/v EtOH:HCI; 3%x20 min). The amine-modified MS were then washed with EtOH (2x)

and dried under reduced pressure.

Secondary amines on the MSNs were convertel-tiiazeniumdiolate NO donors by
reaction with gaseous NO. The DET particles weiteally dispersed in 9:1 (v/v) DMF:MeOH at
5 mg mL* prior to adding 5.4 M methanolic NaOMe (5 pL peng MSN) as a catalyst for NO
donor formation. Glass vials containing the pagtisblutions were equipped with stir bars,
placed in a stainless-steel Parr hydrogenationeleasd connected to an in-house NO reactor.
The Parr bottle was flushed with Ar (3xshort, 3%fiih) to remove oxygen from the reaction
solution prior to pressurizing the vessel with p(x89.5%) NO gas (10 bar) for 3 d. Of note, the
NO gas was scrubbed over solid potassium hydrofmteat least 4 h prior to théN-
diazeniumdiolate formation reaction. After 3 d tN® gas was vented and the vessel again
flushed with Ar. The NO donor-modified particlesreeollected via centrifugation, washed with

EtOH (3x), and dried under reduced pressure. Thaltneg NO-releasing particles were stored



in a vacuum-sealed Mylar bag at -ZD until further use. Control (i.e., non-NO-releagiET
MSNs were treated similarly with NaOMe but withotite N-diazeniumdiolate formation
process. Characterization of the NO-releasing DEfTiges is provided as supplementary data

(Table S1).

Synthesis of S-nitrosothiol-modified mesoporous silica nanoparticles

Thiol-based MSNs were synthesized using a merciéguesalkoxysilane co-
condensation method adapted from reported procedarenonporous, thiol-modified particles
[39]. A silane precursor solution was initially peged by mixing MPTMS (1.32 mL) and TEOS
(2.29 mL) in a glass vial. The silane mixture (2r2B) was added to a stirring solution of water
(210 mL), EtOH (84 mL), NEOH (9.6 mL), and CTAB (240 mg). The reaction wdsvaéd to
proceed for 2 h. The thiol-modified particles weodlected and purified using the same washing
and CTAB removal steps described above for the DISNs. S-nitrosothiol (RSNO) NO donors
were formed on the thiol groups in a subsequenbgation step. The MPTMS MSNs (200 mg)
were dispersed in a mixture of MeOH (4.00 mL) anbll $51CI (2.00 mL) and stirred on ice. A
solution (2.00 mL) of sodium nitrite (2.27 M) andethylenetriaminepentaacetic acid (DTPA;
500 uM) in water was added dropwise to particlgelision and stirred on ice for 1 h. The MSNs
were collected via centrifugation, washed with c&i@OH (3x), and dried under reduced
pressure. The RSNO-modified particles were usedediately thereafter. Characterization of

the NO-releasing RSNO particles is provided as umpentary data (Table S1).
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Figure S1.Graph of temporal NO release expressed as a pageenf the total NO
released. Total amounts of NO released were caézulay integration of the NO
flux vs. time curves to be 1.37+0.20 (RSNO), 1.4290 (3:1 RSNO:DET),
5.55+0.12 (1:1 RSNO:DET), and 2.72+0.25 (DET/N@)ol NO per crf implant

surface area.
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Figure SZ Inflammatory cell densities at RSNO control (A)daDET control (B) implants in the
healthy (black square) and STZ-treated pig modglksef triangle). Inflammatory cell densities are
expressed as the average value + standard ertioe ofiean.



Healthy Model STZ-Treated Model

Hematoxylin & Eosin Masson’s Trichrome Hematoxylin & Eosin Masson’s Trichrome
: ‘ /"\)"?J'l[

‘v\_\/
/’? )
d ) )

7N

Figure S4.Photomicrographs of H&E and MT stained tissues mb@ away from DET control
implants, representative of unperturbed subcutané¢issue. The scale bar at the bottom-left
corner of each image represents a distance of 800 p
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Figure SE. Photomicrographs anti-CD31 and hematoxylin staitissues

>10 mm away from DET/NO (A,C) and DET Control (B,iDpplants in

healthy (A,B) and diabetic (C,D) pigs. These tissagions represent of
unperturbed subcutaneous tissue. The scale bhe diattom-left corner of
each image represents a distance of 20(



Table S1. Characterization of NO donor-modified silica naadijzles®

NO Donor Modification Particle Diameter® (um) [NOJ; (umol mg?) t1/2 (Min)
Snitrosothiol (RSNO) 1.76+0.07 2.29+0.47 128.8+2.3
N-diazeniumdiolate (DET) 0.87+0.17 1.61+0.17 35.547.

Results are expressed as average values + staheldation of n>3 separate experimet@eometric particle diameter
estimated via scanning electron microscBlytal NO storage per mg of partici#4alf-life of NO release.



