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ABSTRACT: Nitric oxide (NO)-releasing polymers have proven useful for improving the biocompatibility of in vivo 
glucose biosensors. Unfortunately, leaching of the NO donor from the polymer matrix remains a critical design flaw of 
NO-releasing membranes. Herein, a toolbox of NO-releasing silica nanoparticles (SNPs) was utilized to systematically 
evaluate SNP leaching from a diverse selection of biomedical-grade polyurethane sensor membranes. Glucose sensor 
analytical performance and NO-release kinetics from the sensor membranes were also evaluated as a function of particle 
and polyurethane chemistries. Particles modified with N-diazeniumdiolate NO donors were prone to leaching from PU 
membranes due to the zwitterionic nature of the NO donor modification. Leaching was minimized (<5% of the entrapped 
silica over 1 mo) in low water uptake PUs.  However, SNP modification with neutral S-nitrosothiol (RSNO) NO donors 
lead to biphasic leaching behavior. Particles with low alkanethiol content (<3.0 wt% sulfur) leached excessively from a 
hydrogel PU formulation (HP-93A-100 PU), while particles with greater degrees of thiol modification did not leach from 
any of the PUs tested. A functional glucose sensor was developed using an optimized HP-93A-100 PU membrane doped 
with RSNO-modified SNPs as the outer, glucose diffusion-limiting layer. The realized sensor design responded linearly to 
physiological concentrations of glucose (min. 1–21 mM) over 2 wk incubation in PBS and released NO at >0.8 pmol cm-2 s-1 
for up to 6 d with no detectable (<0.6%) particle leaching. 

Effective diabetes management relies on accurate 
blood glucose (BG) measurement to maintain target levels 
of glycemia.

1-3
 Self-monitoring of BG levels has 

traditionally been carried out using portable glucometers. 
Although glucometers are generally accurate and reliable, 
poor patient compliance and infrequent sampling lead to 
inconsistent BG control.

4
 Severe hyperglycemia or brief 

and potentially life-threatening hypoglycemic events 
frequently go undetected as a result. Implantable 
electrochemical continuous glucose monitors (CGMs) 
that measure glucose in interstitial fluid have received 
significant focus with the goal of alleviating the sampling 
issues associated with discrete BG measurement.

5-6
 Such 

devices facilitate identification of temporal BG 
fluctuations and, based on these trends, may be used to 
predict glycemia in the immediate future (i.e., as a 
hypoglycemic alarm).   

Despite the availability of implantable glucose 
biosensors for human use, CGM devices have not been 
widely adopted due to performance issues and difficulty 
of use (e.g., frequent calibration, false hypoglycemic 
alarms).

4
 Poor sensor accuracy is due in large part to the 

foreign body response (FBR), a cascade of intense 
inflammatory/wound healing reactions that transpire at 
the surface of the implanted CGM.

4,7-10
 Initial blood 

protein adhesion reduces sensor sensitivity by 40–80% 
and this protein layer mediates later inflammatory cell 
attachment.

11
 Influx of inflammatory cells occurs after 

tissue injury and has been identified as contributing 
factor to erratic sensor response during the first several 
days of implantation.

8
 Eventually, the sensor is 

sequestered from native tissue by fibroblast construction 
of a collagenous foreign body capsule that obstructs 
glucose transport to the sensor, resulting in sensor failure.  
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The performance of implanted devices is 
inherently linked with FBR severity.

12
 A general belief is 

that in vivo glucose sensors may benefit from reduced 
inflammation and increased neovascularization. A widely 
investigated approach for mitigating the FBR is the use of 
hydrophilic coatings (e.g., hydrogels,

13
 zwitterionic 

polymers
14-16

) to reduce protein adsorption and 
concomitant cell adhesion. The release of bioactive 
molecules (e.g., Dexamethasone

17-19
 and vascular 

endothelial growth factor
19

) from sensors have also been 
studied as methods for more directly influencing key 
inflammatory and wound healing events. Our laboratory 
has focused on the release of nitric oxide (NO), an 
endogenous radical gas with integral roles in angiogenesis 
and the wound healing.

20-22
 Indeed, NO-releasing 

polymers have been shown to reduce FBR-related 
inflammation and collagen encapsulation.

23-26
 In concert 

with tissue response studies, in vivo glucose biosensors 
coated with similar NO-releasing polymers have 
improved short-term (1–3 d) sensor accuracy.

27-28
 

Due to NO’s reactive nature, a significant body of 
research has focused on suitable NO storage and release 
strategies. The most successful work to date (based on 
total NO storage and NO-release durations) has relied on 
incorporating NO-releasing molecules (NO donors) into 
polymeric sensor coatings (e.g., polyurethanes).

29-33
 The 

NO-release properties (i.e., storage and kinetics) are 
straightforwardly controlled by altering the identity/type 
of both the NO donor and polymer matrix. For example, 
NO-releasing silica nanoparticles (SNPs) have been used 
to prepare NO-releasing polyurethane (PU) sensor 
membranes because of their large NO storage and 
controllable NO-release kinetics.

29,34-37
 However, a key 

design challenge associated with many NO-releasing 
polymers is undesirable leaching of the entrapped NO 
donors.

28-31,38
 Although silica is considered inert,

39
 NO 

donor modifications to SNPs may alter their association 
with mammalian cells, thereby increasing cytotoxicity.

34
 

Leaching of constituent silica may also exacerbate local 
foreign body reactions, as the SNPs may be phagocytosed 
by macrophages and increase the production of pro-
inflammatory cytokines (e.g., tumor necrosis factor α, 

interleukin 1β).
40-41

 

Herein, we report on the design of functional 
glucose biosensor membranes with favorable partitioning 
of NO-releasing silica particles into the polymer matrix. 
The physicochemical properties of both the dopant SNPs 
(e.g., NO donor identity, extent of modification) and the 
PU matrix (e.g., water uptake) were examined for 
potential influence to particle leaching and NO-release 
properties of the membranes. The most promising 
membranes were employed to fabricate glucose 
biosensors with appropriate analytical performance and 
NO-release durations of up to 7 d.   

EXPERIMENTAL SECTION 

Materials 

 Tetraethylorthosilicate (TEOS), 
tetramethylorthosilicate (TMOS), 3-

mercaptopropyltrimethoxysilane (MPTMS), N-
methylaminopropyltrimethoxysilane (MAP), N-(6-
aminohexyl)-aminopropyltrimethoxysilane (AHAP), and 
3-(trimethoxysilylpropyl)diethylenetriamine (DET) were 
purchased from Gelest (Morrisville, PA). Sodium 
methoxide (NaOMe; 5.4 M in methanol), anhydrous N,N-

dimethylformamide (DMF), anhydrous methanol 
(MeOH), anhydrous tetrahydrofuran (THF), 200 proof 
ethanol (EtOH), aqueous ammonium hydroxide (NH4OH; 
29.42 wt% ammonia), concentrated hydrochloric acid 
(HCl), toluene, cetyltrimethylammonium bromide 
(CTAB) and all salts were purchased from Fisher Scientific 
(Fair Lawn, NJ). The toluene was dried/stored over 
molecular sieves prior to use. Methyltrimethoxysilane 
(MTMOS), Glucose oxidase (Type VII lyophilized powder, 
>100,000 U g-1) from Aspergillus niger, and 
diethylenetriaminepentaacetic acid (DTPA) were 
purchased from Sigma (St. Louis, MO). Nitrogen (N2), 
argon (Ar), and nitric oxide calibration (25.87 ppm in N2) 
gases were purchased from Airgas National Welders 
(Raleigh, NC). Pure NO gas was purchased from Praxair 
(Danbury, CT). Silver wire (127 µm dia.) and PFA-coated 
90:10 platinum:iridium (Pt:Ir) wire (127 µm bare dia.) were 
purchased from A-M Systems (Sequim, WA). Soft 
stainless steel wire (356 µm dia.) was purchased from 
McMaster-Carr (Atlanta, GA). Polyurethanes HP-93A-100, 
PC-3585A, SG-85A, and TT-2072D-B20 were received from 
Lubrizol (Cleveland, OH). Hydrothane polyurethane AL-
25-80A was obtained from AdvanSource Biomaterials 
(Wilmington, MA). Water was purified using a Millipore 
Reference water purification system to a resistivity of 18.2 
MΩ cm and a total organic content of <6 ppb.  

Synthesis of N-diazeniumdiolate-modified silica 
nanoparticles 

 Secondary amine-modified nanoparticles were 
first synthesized by variants of the Stöber method. 
Ultimately, secondary amines introduced to the SNPs 
were converted to N-diazeniumdiolate NO donors by 
reaction with NO gas. Detailed synthesis procedures are 
provided in the Supporting Information.  

Synthesis of S-nitrosothiol-modified silica 
nanoparticles 

Thiol-modified SNPs were synthesized by co-
condensation of MPTMS with either TEOS or TMOS 
(tetraalkoxy backbone silanes) and functionalized to 
release NO in a subsequent nitrosation step.

42
 Detailed 

synthesis procedures are provided in the Supporting 
Information. 

Preparation and evaluation of NO-releasing mock 
sensors 

Polyurethane (PU) solutions were prepared by 
adding 240 mg of the appropriate PU to 2.25 mL THF and 
dissolved by sonicating at 60 oC. In a separate solution, 
NO-releasing SNPs were dispersed in THF via sonication 
and added to the PU solution (after cooling to room 
temperature). Unless otherwise indicated, the PU 
concentration was 80 mg mL-1 and SNPs were 
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incorporated at 20 wt% (20 mg mL-1) relative to the 
polymer for all experiments. 

Stainless steel wire (357 µm dia.) was selected as 
a coating substrate to mimic the size and geometry of 
functional, needle-type glucose sensors. Wires were first 
cleaned by sonication in EtOH, and then coated with the 
NO-releasing membranes by dip-coating into the PU/SNP 
solution. Each deposited layer was allowed to dry for ~20 
s before additional coating. The number of coats was 
varied for each PU solution to provide uniform ~40–50 
µm thick coatings, as determined by measurement with 
calipers and from the electron micrographs. Leaching of 
the SNPs was monitored over time via inductively 
coupled plasma optical emission spectrometry (ICP-OES) 
using a Prodigy high-dispersion ICP (Teledyne-Leeman 
Laboratiories; Hudson, NH). Coated substrates were 
immersed in PBS and incubated at 37 oC for 2 h–28 d. At 
pre-determined time points, the substrates were removed 
from solution and analyzed for silicon content. The 
instrument was initially calibrated using sodium silicate 
standards (0.1–25 ppm in PBS; 251.611 nm Si emission line) 
to verify linear response over anticipated particle 
concentrations. Individual standards for each particle 
system were prepared and used to determine particle 
leaching from corresponding membranes. Of importance, 
all buffers/solutions that were used for leaching 
measurements were prepared in polypropylene tubes 
because silicic acid was found to leach from glass storage 
vials. It was verified that neither the wire substrates nor 
the polypropylene incubation vessels contributed to 
detectable Si signal. 

Nitric oxide release measurements 

Nitric oxide release was evaluated in real-time (1 
Hz sampling frequency) using a Sievers 280i 
chemiluminescent NO analyzer (NOA; Boulder, CO). The 
NOA was calibrated via a two-point linear calibration, 
with 25.87 ppm NO (in N2) serving as the first calibration 
standard and air passed through an NO zero filter as the 
blank value. The NO-releasing material (either 1 mg of 
particles or a coated mock sensor) was added to 
deoxygenated phosphate buffered saline (PBS; 10 mM, pH 
7.4) at 37 oC. In the case of RSNO-based materials, NO 
release was restricted to thermal mechanisms by addition 
of 500 µM DTPA to the PBS and by shielding the entire 
sample flask from light using aluminum foil. A stream of 
N2 gas was bubbled into solution at 80 mL min-1 to carry 
the liberated NO to the NOA reaction cell. Supplemental 
N2 gas was provided to the reaction flask in order to 
match the instrument collection rate of 200 mL min-1. 
Nitric oxide was detected indirectly by reaction with 
ozone, which yields a chemiluminescent excited-state 
nitrogen dioxide species. Measurements were terminated 
when NO release from the silica particles decreased below 
10 ppb mg-1. For mock sensors coated with NO-releasing 
PU materials, NO release measurements were terminated 
when NO fluxes were below 0.8 pmol cm-2 s-1 (instrument 
LOD at S/N ratio 6–10). Of note, NO-release properties 
for the NO donor-modified SNPs are provided in the 
Supporting Information (Table S3). 

In cases where NO release from the PU 
membranes was below the NOA limit of detection, the 
Griess Assay was used to measure NO indirectly via its 
oxidative conversion to nitrite, as previously described.

36
 

Briefly, samples for NO measurement in PBS (50 µL) were 
mixed with 50 µL each of 0.1% w/v aqueous N-(1-
napthyl)ethylene diamine and 1% w/v sulfanilamide in 5% 
v/v aqueous phosphoric acid and incubated for 10 min to 
form an azo dye. Sample absorbance measurements were 
collected at 540 nm on a Labsystem MultiskanRC 
microplate spectrophotometer (Helsinki, Finland) and 
compared to a calibration curve generated from nitrite 
standards (2–100 µM) for quantitative NO determination. 

Design and analytical performance of miniaturized 
NO-releasing glucose biosensors 

First generation (i.e., peroxide-detecting) needle-
type electrochemical glucose biosensors were fabricated 
and used for evaluation of the NO-releasing 
membranes.

43-44
 The bare sensors were constructed by 

winding a 127 µm silver/silver chloride (Ag|AgCl) 
reference electrode around a PFA-insulated 90:10 Pt:Ir 
wire (127 µm bare dia.). A ~2 mm length of Pt:Ir wire was 
exposed by removal of the PFA coating and served as the 
working electrode. Of note, all potentials defined 
hereafter are with respect to the integrated Ag|AgCl 
pseudo-reference electrode. 

The bare sensors were initially cleaned via cyclic 
voltammetry in 0.5 M sulfuric acid (-0.25–+1.20 V, 30 
cycles, 0.1 V s-1) and then functionalized for glucose 
detection and NO release via a multilayer deposition 
approach. A polymerized m-phenylenediamine (m-PD) 
membrane was first electrodeposited on the bare 
electrode surface as a size exclusion membrane to 
improve selectivity for H2O2 oxidation.

45
 The 

electropolymerization process was carried out via cyclic 
voltammetry (0–+1.0 V, 20 cycles, 0.1 V s-1) in a 100 mM m-
PD solution prepared in deoxygenated PBS (pH 7.41). 
Next, GOx was immobilized on the working electrode by 
entrapment in a silica solution-gel (sol-gel).

46
 The GOx 

sol-gel precursor solution was prepared by mixing a 
solution of GOx in water (50 µL; 120 mg mL-1) with a 
mixture of EtOH (100 µL) and MTMOS (25 µL). The 
resulting solution was aged on a shaker for 10 min. The 
sensors were coated with the GOx/silica gel by dipcoating 
15 times (5 s still time, 10 s intermittent dry periods) into 
the gel precursor solution. Last, the sensors were coated 
with either bare PU or the NO-releasing PU/SNP 
composites via a loop-casting protocol, providing uniform 
PU deposition over the sensor electrodes. A 6.5 µL droplet 
of the PU solution was deposited on a stainless steel wire 
loop (2 mm dia.) and the loop was passed over the 
working and reference electrodes. In the case of the NO-
releasing membranes, subsequent layers were coated onto 
electrodes after brief (~5 min) dry times for a total of 7 
PU/SNP depositions. The PU concentration used for the 
loop-casting procedure was varied for the unmodified 
PUs (20–80 mg mL-1) and was 50 mg mL-1 (in 3:1 
THF:DMF) for the NO-releasing membranes. The particle 
concentration was varied in the PU solution at 6.3–50.0 
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mg mL-1. Where indicated, a PC-3585A outer layer 
(“topcoat”) was applied to the sensors via loopcasting 
using a 30 mg mL-1 PU solution prepared in 3:1 THF:DMF 
and allowed to dry for >1 h.  

In vitro sensor analytical performance was 
assessed in PBS (pH 7.4) or porcine serum under stirred 
conditions using a CH Instruments model 1030C multi-
channel potentiostat (Austin, TX). Sensors were pre-
conditioned by polarizing sensors in PBS (37 oC; +0.600 V 
vs. Ag/AgCl) until a stable background current was 
measured. Glucose was detected indirectly by 
amperometric oxidation of H2O2 at +0.600 V. Sensors 
were calibrated by incrementally increasing the buffer 
glucose concentration to 30 mM. The sensor linear 
dynamic range (LDR) was determined as the maximum 
glucose concentration achieved with no saturation in 
glucose response. A threshold of R2>0.99 was used for the 
linear correlation coefficient. Glucose sensitivities are 
reported as the slope of the linear trend line correlating 
the measured anodic current to glucose concentration 
over the linear response range. Amperometric selectivity 
coefficients for glucose over common electroactive 
interfering species were calculated according to published 
methods.

36,44
   

Membrane and particle characterization 

 Morphology of the nanoparticles was evaluated 
using a FEI Helios 600 Nanolab scanning electron 
microscope (SEM; Hillsboro, OR). Scanning electron 
micrographs of the N-diazeniumdiolate- and S-
nitrosothiol-modified particles are provided in the 
Supporting Information (Figures S2 and S3, respectively). 
Sensor membranes were imaged using a FEI Quanta 200 
environmental scanning electron microscope (Hillsboro, 
OR). Nitrogen sorption isotherms were used to evaluate 
SNP porosity and were collected on a Micromeritics 
Tristar II 3020 surface area and porosity analyzer 
(Norcross, GA). Samples were dried at 110 oC under N2 gas 
for 18 h and degassed for 2 h prior to analysis. Brunauer-
Emmett-Teller (BET) analysis of the monolayer 
adsorption isotherm region (0.05<p/p0<0.20) was used for 
determination of specific surface area.  

 

RESULTS AND DISCUSSION 

Polyurethane (PU) materials have been utilized 
as glucose sensor membranes because they generally elicit 
only a mild FBR and, depending on their composition, 
have appropriate glucose/oxygen permeabilities necessary 
for fabricating glucose sensors.

47-48
 Unfortunately, the 

literature is not clear as to how glucose sensor analytical 
performance depends on PU composition and water 
uptake, important parameters that may also impact NO 
release and NO donor leaching. Initial experiments thus 
focused on identifying PUs that could be used to fabricate 
functional electrochemical glucose sensors prior to 
modification with the NO-releasing scaffolds. 

Glucose biosensors were systematically modified 
with glucose diffusion-limiting PU coatings via a 
loopcasting method.

43,45
 The analytical performance of 

the sensors was evaluated as a function of PU water 
uptake and the concentration of the PU loop-casting 
solution using four commercially-available PUs: HP-93A-
100, AL-25-80A, SG-85A, and PC-3585A. Regardless of PU 
type, sensors that were prepared using low concentration 
PU solutions (20 and 35 mg mL-1) did not yield stable 
glucose response (data not shown), whereas 50 mg mL-1 
PU solutions lead to more predictable sensor 

performance. Both the glucose sensitivity and linear range 
of the sensors were dependent on the PU water uptake 
(Table 1). For instance, sensors prepared with the high-
water uptake PU HP-93A-100 had large glucose sensitivity 
(38.2 nA mM-1 mm-2) but insufficient linear dynamic range 
(1–3 mM), indicating that the membrane did not serve as 
a substantial barrier to glucose diffusion. In contrast, 
more hydrophobic SG-85A and PC-3585A PUs (water 
uptake <0.2 mg per mgPU) improved the linear glucose 
range of the sensors (1–15 mM).  

Regardless of PU type, sensor sensitivity to 
glucose steadily decreased during incubation in PBS. This 
feature was consistent with sensors prepared using 80 mg 
mL-1 PU solutions (Table S4). The magnitude of the initial 
decrease (i.e., during the first 5 d) varied between sensors 
coated with different polyurethanes, eventually stabilizing 
after ~7 d. Although undesirable, slowly changing glucose 
sensitivity is a common occurrence noted by others for 
sensors prepared using PU

43,45
 or poly(vinyl alcohol).

49
 

Table 1. Analytical performance merits of glucose biosensors coated with different PUs.a,b 

PU Type 
PU Water uptake 

(mg mg-1)d 
Linear Dynamic 

Rangee 
Sensitivity (nA 

mM-1 mm-2)f 

Sensitivity Retention (%)g 

3 d 5 d 7 d 14 d 

HP-93A-100 2.6±0.3c 1–3 mM 38.2±15.0 54.3±29.6 57.2±7.3 44.3±8.9 42.3±7.3 

AL-25-80A 0.6±0.3c 1–6 mM 44.7±15.2 80.2±10.7 82.9±28.8 58.5±10.2 58.3±11.0 

SG-85A 0.2±0.2c 1–15 mM 29.5±15.3 86.1±10.1 85.5±18.3 64.9±6.1 67.2±8.1 

PC-3585A 0.0±0.0 1–15 mM 20.1±4.2 80.5±13.6 77.0±7.2 55.2±2.5 56.2±2.4 
aError bars represent standard deviation for n>3 separate experiments. bPU concentration in the loop-casting solution was 50 mg mL-1. cWater 
uptake measurements described in Koh et al., Biosensors and Bioelectronics 2011, 28, 17–24. dWater uptake expressed as mgwater per mgPU. eLinear 
dynamic range determined from glucose sensor calibration curves as the concentration range over which the associated linear trendline had an 
R2 value >0.99. fDetermined as the slope of the trendline fit to the sensor current-glucose response over the linear dynamic range on the first day 
of testing. gGlucose sensitivity after soaking sensors in PBS at 37 oC (relative to the sensitivity on the first day of testing).  
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Electrochemical glucose sensors generally require a 5–7 d 
pre-conditioning period for response stabilization as the 
polymer membranes undergo hydration and swelling.

43,45
 

The four PU types that were utilized in this study were 
thus deemed satisfactory for further development of NO-
releasing membranes. 

Polyurethane membranes incorporating N-
diazeniumdiolate functionalized silica particles 

 Mesoporous SNPs were selected for developing 
NO-releasing PU membranes due to their favorable NO 

storage properties. The SNPs were synthesized using an 
approach that also allowed for the chemical structure of 
the amine modification and the size of the particles to be 
tuned independent of one another.

37
 In a subsequent 

chemical step, the secondary amines were easily reacted 
with NO gas to form N-diazeniumdiolate NO donors. 
Particles ~800 nm in diameter (modified with DET/NO) 
were selected for initial evaluation in PU films because a 
preliminary study suggested larger (~1 µm) SNPs might be 
less prone to leaching than similarly prepared smaller 
(<300 nm) scaffolds.

29
  

Nitric oxide release from the DET particle-doped 
PU membranes was measured in physiological buffer (pH 
7.4 PBS at 37 oC) as a function of PU composition. 
Expectedly, PU membranes with moderate-to-high water 
uptake properties (HP-93A-100, AL-25-80A, and 1:1 
mixture of AL-25-80A :SG-85A) released large initial NO 
fluxes (124.0–311.5 pmol cm-2 s-1) due to more rapid N-
diazeniumdiolate decomposition relative to membranes 
consisting of either SG-85A or PC-3585A (<20 pmol cm-2 s-

1; Figure 1A). For example, DET/NO embedded in HP-
93A-100 PU (a hydrogel PU formulation with water 
uptake at ~150 wt% PU mass) released the largest initial 
NO levels (312 pmol cm-2 s-1, tmax=37.0 min), maintaining 
NO release above 0.8 pmol cm-2 s-1 (the detection limit of 
the NOA for this experiment) for only ~60 h. In contrast, 
composites that were prepared using the more 
hydrophobic PC-3585A PU (<2 wt% water uptake) 
released low, detectable NO fluxes (1–14 pmol cm-2 s-1) for 
7 d.  

 Leaching of the DET/NO particles from the PU 
composites was assessed by monitoring the silicon 
emission intensity via ICP-OES from membrane soak 
solutions (PBS at 37 oC) over 7 d. All DET/NO-based 
membrane compositions exhibited detectable levels of 
leaching (8–42% total mass of incorporated particles) over 
1–3 d incubation in PBS, with no additional leaching 
beyond 3 d (Figure 1B). The degree of leaching correlated 
strongly with PU water uptake. The more hydrophobic 
polyurethanes PC-3585A and SG-85A (water uptake <0.2 
mg/mg for both PUs) leached 14.2 and 8.5% the total 
encapsulated DET/NO SNPs (321 and 181 µg cm-2, 
respectively) over the 7 d soak period. Significantly 
greater particle leaching (39.6 and 42.4%) was measured 
for high water uptake HP-93A-100 and AL-25-80A PUs, 
respectively, corresponding to ~900 µg SNPs cm-2. 

Membranes prepared using similarly-sized (800 
nm) particles with either MAP/NO or AHAP/NO N-
diazeniumdiolate modifications (monoamine- and 
diamine-based NO donors, respectively) were used to 
elucidate the influence of aminosilane structure on 
particle leaching. Comparable 7 d leaching values were 
measured for AHAP/NO and DET/NO particles (43.8 and 
42.4 %, respectively), whereas MAP/NO particles leached 
from the membranes completely (100.7 %; Figure S5). 
Although the chemical structure of the aminosilane 
surface modifications likely impacted interactions 
between the particle surface and the encompassing PU 
matrix, it was noted that a greater degree of N-
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Figure 1. (A) Initial (20 h) NO release and (B) 1 wk 
particle leaching measurements for HP-93A-100 (black, 
square), AL-25-80A (red, circle), SG-85A (green, 
diamond), and PC-3585A (gray, star) polyurethane 
materials. The blue (triangle) trace in both figures is a 1:1 
mixture of AL-25-80A:SG-85A. Inset in (A) shows the 
NO fluxes released from SG-85A and PC-3585A 
composites over 20 h. All materials are doped with 20 
wt% 800 nm DET/NO SNPs. 
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diazeniumdiolate modification (2.22 vs 1.30–1.61 µmol NO 
mg-1) was a hallmark of the particle system with the 
greatest leaching propensity (MAP/NO). 

 To further understand the particle leaching 
process, we evaluated DET/NO particle leaching over a 
range of particle sizes (150, 450, and 800 nm). 
Experiments were carried out using a moderately 
hydrophobic PU mixture (1:1) of AL-25-80A:SG-85A, as 
more hydrophilic PUs (e.g., HP-93A-100) yielded elevated 
levels of leaching for most of the particle types tested. In 
contrast with previous suggestions that larger particles 
are less prone to leaching,

29
 no clear relationship between 

particle size and the extent leaching was observed (Figure 
S6). Similar leaching values were measured after 7 d 
immersion in PBS for 150 nm (26.4%) and 800 nm (23.7%) 
DET/NO SNPs. The 450 nm particles were associated with 
the greatest particle leaching (40.0%) despite having the 
same DET/NO modification as the other two SNP 
systems. Of note, the 450 nm particles had larger NO 
storage (2.41 µmol NO mg-1) relative to the 150 nm and 
800 nm particle sizes (1.87 and 1.61 µmol mg-1, 
respectively), again implicating the N-diazeniumdiolate 
modification as a potential factor in the leaching process. 

The relationship between N-diazeniumdiolate 
modification and particle leaching was more directly 
interrogated in two additional experiments using the 
same PU compositions (1:1 AL-25-80A:SG-85A). First, non-
NO-releasing 800 nm DET particles (i.e., DET particles 
that did not undergo the NO donor formation reaction) 
were doped into PU membranes and compared with 
analogous NO-releasing systems. Leaching of the total 
incorporated silica was reduced to 13.4 % at 1 wk 
compared with 26.6 % for the NO-releasing membrane. 
Second, the role of N-diazeniumdiolate density (i.e., total 
NO storage) on particle/membrane stability was 
examined using two similarly sized DET-modified SNPs 
with different NO storage capacity. Two separate bare 
SiO2 particle types were synthesized with a nominal size 
of ~150 nm but distinct porosity (i.e., mesoporous or 
nonporous). After NO donor modification, the 
mesoporous and nonporous DET/NO particles stored 1.33 
and 0.22 µmol NO mg-1, with comparable specific surface 
areas (21 and 19 m2 g-1, respectively). As anticipated, 
increased levels of particle leaching (17.6±0.2%) were 
measured for the NO-releasing SNPs that stored more NO 
versus 6.4±1.1% for the nonporous particles.  

Greater particle NO storage consistently 
correlated with increased leaching regardless of particle 
size, the chemical structure of the aminosilane precursor, 
or the water uptake of the polyurethane matrix. These 
leaching data pointed to the high surface charge density 
of the particles being a key contributing factor to particle 
stability in the membranes. We rationalized that greater 

leaching may be due to favorable interactions of the SNPs 
with water. This assertion was confirmed by the obvious 
correlation between leaching and PU water uptake.  
However, N-diazeniumdiolate modification was not the 
sole factor for particle leaching, as even amine-modified 
(non-NO-releasing) particles leached from the PU 
membranes. In total, it was concluded that ionic 
silanoates, ammonium groups, and N-diazeniumdiolates 
all contributed to the overall particle surface charge and 
associated leaching.  

In preliminary experiments, additional 
hydrophobic PU layers (i.e., without NO-releasing 
particles) were deposited on top of the NO-releasing 
coating to serve as a barrier to particle leaching. Although 
the PU topcoats reduced the magnitude of particle 
leaching, this approach did not prevent leaching 
completely. For example, leaching of DET/NO particles 
(800 nm) from PC-3585A membranes was reduced from 
14.2 to 6.6% with the addition of a SG-85A topcoat (60 mg 
mL-1 in THF). Leaching of N-diazeniumdiolate-based 
SNPs was minimized by using low-water uptake 
polyurethanes. When embedded in hydrophobic TT-
2072D-B20 PU membranes, only ~4.7 % of the 
incorporated 800 nm DET/NO particles were detected 
after one month soak periods. Unfortunately, these 
formulations were incompatible with functional sensor 
designs due to poor glucose permeability. Even sensors 
with thin (<5 µm) coatings did not respond to 
physiological glucose concentrations (data not shown).  

Polyurethane membranes incorporating S-
nitrosothiol functionalized silica particles 

S-nitrosothiols (RSNOs) are neutral NO donors 
formed on thiols and, in this manner, are structurally 
distinct from zwitterionic N-diazeniumdiolates. We 
hypothesized that the neutral RSNO modification might 
reduce the tendency of the SNPs to leach from PU 
membranes by eliminating charge contributions 
characteristic of cationic amines and zwitterionic N-
diazeniumdolates. Thiol-functionalized silica-based 
particles were prepared using a variant of the Stöber 
method by co-condensation of MPTMS (a 
mercaptosilane) with a backbone tetraalkoxysilane.

42
 S-

nitrosothiol NO donors were subsequently formed on the 
primary thiols by reaction of the SNPs with acidified 
nitrite. Leaching measurements were initially carried out 
for a single SNP composition (75 mol% MPTMS balance 
TEOS) as a function of PU type, analogous to the study of 
the N-diazeniumdiolate-modified particles. The measured 
Si emission intensity after a 7 d membrane soak period 
(PBS at 37 oC) was below the ICP-OES limit of detection 
(16.5 µg SNPs cm-2) for all PU compositions tested, 
corresponding to  <0.6%  of the total mass of SNPs 
incorporated in the membranes. 
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To assess the role of MPTMS modification on 
particle leaching, SNPs of varying alkanethiol content (25, 
40, 75, and 85% MPTMS; SEMs provided in Figure S3) 
were incorporated into HP-93A-100 films and immersed 
in physiological buffer for 7 d (Table 2). Unexpectedly, the 
data revealed a clear dichotomy in leaching 
measurements for RSNO-modified SNPs. Particles with 
lower alkanethiol content (i.e., 25 and 40% MPTMS, with 
reported thiol content <3.0 % sulfur by mass

42
) leached 

entirely from the HP-93A-100 membranes over 7 d (2.90 
and 2.89 mg cm2, respectively), while reduced leaching 
(<0.024 mg cm-2, below ICP-OES LOD) was observed for 
membranes containing SNPs with greater MPTMS-
content (75 and 85% MPTMS; 15.2–20.6 wt% sulfur).

42
 

The RSNO-modified particles retain moderate, anionic 
zeta-potentials (due to acidic silanol groups) that did not 
vary appreciably with MPTMS concentration (-29.9, -30.8, 
and -31.2 mV for the 25, 40, and 75% MPTMS particles). 
Despite similar surface charges, only SNPs with >75% 
MPTMS content did not leach appreciably from the HP-
93A-100 membranes, reinforcing the concept that the 
large degree of hydrophobic alkanethiol modification 
counteracts particle leaching. 

The above RSNO particle experiments were 
carried out using membranes in which the total particle 
composition was 20 wt%. For N-diazeniumdiolate-doped 
materials, increasing the SNP mass contribution to >20 
wt% generally resulted in a larger degree of particle 
leaching. For example, 800 nm DET/NO particles doped 
into SG-85A PU at 33.3 and 50.0 wt% leached 38.7 and 
76.8%, of the encapsulated silica, respectively, over a 1 wk 
period. In contrast, membranes prepared using 75% 
MPTMS/TEOS particles at the same concentrations (33.3 
and 50.0 wt%) leached minimal amounts of silica when 
immersed in aqueous buffer. Even at the highest 
concentration tested (50.0 wt%), particle leaching was 
measured just above the instrument limit of detection at 
28.1 µg cm-2, corresponding to <1 % of the silica doped 
into the PU membrane.          

Nitric oxide release from S-nitrosothiol-based 
polyurethane/silica composite membranes 

S-nitrosothiols decompose to yield NO through 
multiple mechanisms. Both light (330–350 and 550–600 
nm for primary RSNOs) and thermal irradiation cause 
homolytic scission of the S-N bond to yield NO and thiyl 
radicals. Subsequent reaction of the thiyl radical with a 

second RSNO can also trigger release, generating a 
disulfide and an additional mole of NO. RSNO donors 
may also undergo irreversible catalytic redox reactions 
with several transition metal ions (Cu2+, Ag+, and Hg2+) to 
liberate NO.

50
 Although these RSNO decomposition 

pathways are well known, in vivo NO release is triggered 
thermally or through thiyl-mediated mechanisms only, 
due to the absence of light and presence of only trace 
amounts of transition metal ions in physiologic fluids. As 
such, all NO release evaluations were carried out in a 
light-shielded sample flask and in PBS supplemented with 
DTPA (a metal chelator) to most accurately recapitulate 
physiologic conditions.  

The NO release from 75% MPTMS-doped 
membranes varied considerably between the different PU 
compositions (Table 3). Membranes prepared using either 
AL-25-80A or PC-3585A released large initial NO fluxes 
(432 and 301 pmol cm-2 s-1, respectively) and exhausted 
their NO supply rapidly (half-life of NO release <0.5 h). 
The release of NO from both films was limited to 24 h. In 
contrast, 75% MPTMS-doped HP-93A-100 membranes 
released NO more slowly (t1/2 3.13 h) for 38 h. The 
differences in NO-release kinetics was attributed to a cage 
effect that the polymer matrix imposes on immobilized 
RSNOs.

51
 This microenvironment surrounding the RSNO 

Table 3. Particle leaching and nitric oxide release measurements for PU membranes doped with 75 mol% 
MPTMS/TEOS particles.a,b 

PU Type [NO]max
c (pmol cm-2 s-1) [NO]t

d (µmol cm-2) t1/2
e (h) td

f (h) Leachingg (%) 

HP-93A-100 277±21 0.70±0.04 3.13±0.17 38.0±4.5 <0.6 
AL-25-80A 432±12 0.43±0.02 0.38±0.02 21.2±1.2 <0.6 

PC-3585A 301±16 0.48±0.09 0.30±0.03 8.3±1.1 <0.6 
aError bars represent standard deviation for n>3 separate samples. b75% MPTMS/TEOS particles were doped into polyurethanes at 
concentrations of 20 wt%. cMaximum initial NO surface flux. dTotal NO storage determined by integration of the NO-release profile measured 
via chemiluminescence. eHalf-life of NO release. fDuration of NO release above 1 pmol cm-2 s-1. gDetermined by ICP-OES measurement of [Si] 
from membrane soak solutions after 7 d incubation in PBS. 

Table 2. Particle leaching from membranes doped with 
RSNO-modified silica particles of varying MPTMS 
content.a,b 

mol% 
MPTMS 

Backbone 
Silane 

Sizec 
(nm) 

Leachingd  

mg cm-2 % 

25 TMOS 234±37 2.90±0.35 99.7±6.6 
40 TMOS 248±41 2.89±0.19 100.3±12.0

75 TEOS 622±53 <0.016 <0.6 

85 TMOS 660±86 <0.024 <0.8 

85 TEOS 864±94 <0.024 <0.8 
aError bars represent standard deviation for n>3 separate samples. 
bMPTMS-modified particles were doped into polyurethanes at 
concentrations of 20 wt%. cGeometric size estimated from 
scanning electron micrographs of particles (n>100 individual 
particles). dDetermined by ICP-OES measurement of [Si] from 
membrane soak solutions after 7 d incubation in PBS. 
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species dictates the rates of reversible RSNO 
decomposition (homolytic cleavage of the S-N bond) and 
recombination between the resulting thiyl radicals and 
NO.

51-52
 In aqueous solutions, NO readily escapes the 

surrounding solvent cage upon RSNO decomposition, 
thus mitigating recombination between the thiyl radicals 
and NO. Slower RSNO decomposition rates have been 
previously reported in polymer matrices (e.g., 
polyethylene glycol, Pluronic F127) that are capable of 
facilitating enhanced geminate recombination (related to 
a more viscous polymer microenvironment) relative to 
analogous recombination rates in solution.

53-54
  

Following this rationale, NO was detected for 
extended periods of time for the most hydrophilic (i.e., 
greatest water uptake) HP-93A-100 membrane, with 
successive decreases in NO-release half-lives/durations in 
PUs with lower water uptake (AL-25-80A and PC-3585A). 
The total NO storage (0.43–0.70 µmol NO cm-2) was 
roughly an order of magnitude lower than expected, 
indicating that the majority of the NO is either not 
released from the films or is being released at fluxes 
below the detection limit of the NO analyzer (0.8 pmol 
cm-2 s-). Indeed, the membranes retained a characteristic 
pink hue upon removal from the NO analysis flask, 
confirming unreacted primary RSNOs.  

Analytical performance of nitric oxide-releasing 
electrochemical glucose biosensors 

Of the polyurethanes tested, HP-93A-100 was 
unique in that the RSNO particle-doped membranes had 
the longest NO-release durations and adequate water 
uptake (2.6 mg H2O per mg PU) to facilitate glucose 
partitioning into the PU. Functional glucose sensors were 
fabricated using HP-93A-100 doped with 75% MPTMS 
particles. The analytical performance of the sensors was 
not appreciably altered by the mass percentage of 
particles in the final coating (11.1–50.0 wt% SNPs). Indeed, 
the sensitivity to glucose was in the range of 53–71 nA 

mM-1 mm-2 regardless of the MPTMS content in the 
membrane. Particles were thus doped in the HP-93A 
membranes at 33.3 wt% for subsequent experiments to 
facilitate adequate NO storage (2.85 µmol NO cm-2).  

 The linear glucose response range of the sensors 
(HP-93A-100 with 33.3 wt% MPTMS) proved inadequate 
(6 mM upper limit; Figure S7), and similar to sensors 
coated solely with HP-93A-100 (i.e., without particles, 
Table 1). An inverse relationship between sensitivity and 
dynamic range is often noted upon enzyme saturation by 
glucose and insufficient oxygen (co-substrate) 
concentrations. In order to extend the dynamic range of 
the sensors to capture physiological concentrations (1–15 
mM),

43
 an additional external PC-3585A coating was 

applied to the sensor electrodes. This PC-3585A “topcoat” 
served to obstruct glucose diffusion to the immobilized 
enzyme, balancing the effective glucose and oxygen 
concentrations in the enzyme layer and extending the 
glucose linear dynamic range to 30 mM (Figure 2A). The 
sensors also proved capable of accurately tracking both 
increasing and decreasing glucose concentrations (Figure 
2B), necessary for proper in vivo function. Although the 
PC-3585A topcoat reduced the glucose sensitivity relative 
to sensors prepared with solely the NO-releasing HP-93A-
100 layer (2.89±1.65 versus ~57 nA mM-1 mm-2), the 
measured sensitivity was comparable to other in vivo 
glucose sensors (2.5–7.5 nA mM-1 mm-2).

27-28
 

 A pre-conditioning period in the sensing 
medium (e.g., PBS) was necessary for all sensors to 
initiate sensor membrane hydration and stabilize the 
electrical double-layer charging current. For control 
sensors (i.e., sensors coated with non-NO-releasing 
particles), a minimum electrode polarization period of 4–
5 h in PBS (37 oC) was sufficient, as evidenced by the low 
baseline current drift (<0.5 nA h-1; Figure 3A). For the NO-
releasing sensors, an anodic peak current was observed in 
the background sensor response due to NO oxidation, a  
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Figure 2. (A) Amperometric glucose response for sensors coated with 75 mol% MPTMS/TEOS-doped HP-93A-100 
(33.3 wt% SNP) and an additional PC-3585A topcoat in PBS at 37 oC. Glucose concentrations were increased in 3 mM 
increments to cover physiological concentrations (3–30 mM). (B) Sensor response to increasing and decreasing glucose 
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feature that was absent for the control sensors. The slight 
response of the sensor to NO was mitigated at the 
working potential of +0.600 V as NO oxidation occurs 
more readily at higher electrode potentials (~+0.9 V 
versus +0.7 V for H2O2 on platinum surfaces).

36,55
 Indeed, 

stable current backgrounds (<0.4 nA h-1 I0) were achieved 
for the NO-releasing sensors after 6–8 h (Figure 3B). 

 Although the glucose sensitivity of the 
biosensors coated solely with PU (i.e., without SNPs) 
gradually decreased during 7 d incubation in PBS (Table 
1), the sensitivity of the particle-modified sensors (both 

NO-releasing and control) increased over the same 
period, remaining constant thereafter (Figure 4A). The 
selectivity coefficients of the NO-releasing sensor against 
acetaminophen, ascorbate, and nitrite on the first day of 
testing were 1.64±0.19, -0.29±0.23, and 0.56±0.18, 
respectively. This performance did not vary discernably 
throughout the incubation period (data not shown), 
indicating that the relative permeabilities of both glucose 
and the interfering species remained constant. The 
gradual change in amperometric glucose response was 
accompanied by enzyme saturation and reduced linear 
dynamic range (1–21 mM; Figure 4B), yet the glucose 
response range still covered relevant physiological glucose 
concentrations. Electron microscopy revealed that the 
particles sequestered into aggregates after 2 wk 
incubation in buffer, even though the particles were 
homogeneously dispersed in the PU originally (Figure 
S8). The induced particle aggregation may be responsible 
for the increasing rather than decreasing glucose 
sensitivity. 

The glucose biosensors experienced a perceptible 
decrease in glucose sensitivity (~68%) upon testing in 
porcine serum (3.82±2.22 nA mM-1mm-2) relative to PBS 
(5.62±2.73 nA mM-1 mm-2), with no further change in 
response through 6 h continuous operation in serum 
(3.78±2.49 nA mM-1 mm-2; Figure 5). Reduced glucose 
permeability is a well-known consequence of protein 
adhesion to the sensor surface in complex biological 
media (e.g., serum, blood).

11
 The lower sensitivity was 

accompanied by an extended upper limit of glucose 
quantification (>32 mM) due to the additional diffusion 
barrier posed by the adhered proteins. Following 
exposure to serum, the glucose sensitivity in PBS returned 
to ~88.7% of the original value (i.e., 5.62 nA mM-1mm-2), 
indicating the loss in analytical response was partially 
reversible.  

The NO-releasing glucose sensors with a PC-
3585A topcoat released NO for at least 7 d as measured by 
chemiluminescence (Figure 6) and the Griess assay, a 
technique that facilitates the quantification of lower NO 
fluxes (0.8 pmol cm-2 s-1) indirectly via oxidative 
scavenging and accumulation as nitrite.

56
 This NO-release 

duration represents a three-fold increase over that used 
for a recent study investigating the in vivo analytical 
performance benefits of NO-releasing glucose sensors 
(NO fluxes >0.8 pmol cm-2 s-1 for <48 h).

27-28
 As such, the 

NO-release properties (fluxes) of the sensors described 
herein are in line with levels expected to improve long-
term in vivo sensor function.

26
  

CONCLUSIONS 

 Nitric oxide release from polymeric membranes 
is a demonstrated strategy to improve both the 
biocompatibility and in vivo performance of glucose 
biosensors.

24,26-28
 Despite the promising preclinical data, 

NO donor leaching and limited NO-release capacities 
may hinder implementation. The results presented herein 
indicate that the leaching of entrapped NO donors must 
be evaluated with due caution. Silica particles 
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Figure 5. Calibrated glucose response of sensors coated 
with both the 75% MPTMS/TEOS-doped HP-93A-100 
(33.3 wt% SNP) NO-releasing layer and the PC-3585A 
topcoat in PBS (black, square) and serum (red, circle) at 
37 oC. 
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Figure 6. Nitric oxide release from HP-93A-100 
membranes doped with 75 mol% MPTMS/TEOS 
particles (33.3 wt%) with an additional PC-3585A 
topcoat. Inset shows the low NO fluxes released from 
sensor membranes at durations beyond 24 h. 

Page 10 of 15

ACS Paragon Plus Environment

ACS Sensors

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

functionalized with N-diazeniumdiolate NO donors leach 
indiscriminately from many biomedical-grade 
polyurethanes barring the most hydrophobic composites, 
but unfortunately such membranes are not compatible 
with electrochemical glucose biosensors due to 
insufficient glucose permeability. The underpinnings of 
the leaching process involve the total particle electrical 
charge and surface hydrophobicity. Silica particles 
modified with neutral RSNO donors are more stable (i.e., 
minimal or no leaching) in a wide selection of 
polyurethanes, provided that the degree of organic 
modification of the particles is substantial (>75% 
MPTMS). Polyurethane membranes doped with MPTMS 
particles yielded glucose biosensors with attractive 
analytical performance merits and NO-release durations. 
The extended NO-releasing sensors developed here hold 
promise for mitigating the FBR and improving in vivo 
sensor functional lifetimes. Studies evaluating in vivo 
sensor performance using these sensors are currently 
underway. 
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