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Abstract  

Towards achieveing a subcutaneously implanted glucose biosensor with long-term 

functionality, a thermoresponsive membrane previously shown to have potential to house a 

glucose sensing assay was evaluated herein for its ability to minimize the foriegn body reaction 

(FBR) and the resulting fibrous capsule. The severity of the FBR proportionally reduces 

diffusion of glucose to the sensor and hence sensor lifetime. However, efforts to reduce the FBR 

have largedly focused on anti-fouling materials that passively inhibit cellular attachment, 

particularly poly(ethylene glycol) (PEG). Herein, the extent of the FBR of a subcutaneously 

implanted “self-cleaning” cylindrical membrane was analyzed in rodents. This membrane 

represents an “actively anti-fouling” approach to reduce cellular adhesion. It is a 

thermoresponsive double network nanocomposite hydrogel (DNNC) comprised of poly(N-

isopropylacrylamide) (PNIPAAm) and embedded polysiloxane nanoparticles. The membrane's 

cyclical deswelling/reswelling response to local body temperature fluctuations was anticipated to 

limit cellular accumulation. Indeed, after 30 days, the self-cleaning membrane exhibited a 

notably thin fibrous capsule (~30 µm) and increased microvascular density within 1 mm of the 

implant surface in comparison to a non-thermoresponsive, benchmark biocompatible control 

(PEG diacrylate, PEG-DA).  
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Introduction 

Thermoresponsive poly(N-isopropylacrylamide) (PNIPAAm) hydrogels undergo cyclical 

deswelling and reswelling at temperatures above and below, respectively, their volume phase 

transition temperature (VPTT).
1-6

 This dynamic nature of PNIPAAm has been utilized in various 

biomedical applications such as drug delivery
7-8

 and cell sheet engineering
6, 9

. We hypothesized 

that this mechanism could be used by membranes surrounding subcutaneously implanted glucose 

biosensors to control biofouling, a leading cause of device failure. Specifically, such a 

thermoresponsive membrane could house a liquid glucose sensing assay
10

 as an electronics-free, 

subcutanteously implantable glucose biosensor that could be accompanied with a wearable, 

optical detection method. Previously, we reported a glucose biosensor membrane candidate, a 

thermoresponsive double network nanocomposite (DNNC) hydrogel composed of an 

interpenetrating, asymmetrically cross-linked PNIPAAm matrix with polysiloxane nanoparticles 

(~200 nm diameter) embedded during the formation of the 1
st
 network.

11
 Cyclical 

deswelling/reswelling with heating/cooling around its VPTT was shown to effectively cause the 

detachment of cultured cells. Furthermore, this membrane did not limit glucose diffusion (D 

~2.7x10
-6

 cm
2
s

-1
)
12

 and also provided robust mechanical strength (strength ~0.4 MPa)
11

 versus 

conventional hydrogels (~1-100s kPa)
13

 necessary for long-term durability. Moreover, its 

modulus (E ~0.2 MPa)
11

 remained similar to that of the native subcutaneous and dermis tissues 

(E ~0.01-0.25 MPa)
14-16

, avoiding adverse shear stresses often experienced by tissues 

surrounding current metallic, transdermal CGM electrodes.
17

 However, the ability of this 

thermoresponsive DNNC membrane to limit the foreign body reaction (FBR) has yet to be 

established and represents a primary challenge in the development of subcutaneously implanted 

glucose and other biosensors that possess lifetimes of months rather than only days. For an 
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implanted biosensor to remain functional long-term, sufficient diffusion of the analyte (e.g. 

glucose) to the sensor must be maintained throughout the initial (acute) host response, FBR and 

healing processes that are triggered by implantation. The FBR particularly leads to the formation 

of a dense, avascular fibrous capsule comprised of fibroblasts, fibrocytes and collagenous 

tissue.
18

 Depending on the extent of the FBR, this compact fibrous capsule may vary from 30 to 

>200 µm in thickness and may lack nearby vascularization, thereby limiting analyte diffusion.
19-

22
 Moreover, the FBR and resulting fibrous capsule, once formed, remain present for the lifespan 

of the implanted device.
18

 Therefore, to ensure analyte diffusion to the biosensor, measures must 

be taken to minimize the FBR as well as to encourage healing so as to reduce the formation of 

this dense tissue barrier and increase nearby microvascularization. 

  After the subcutaneous implantation of a membrane-coated glucose biosensor or other 

device, a series of sequential, innate host responses occur, including: injury, humeral interactions 

(proteins, complements, kinins, etc.), acute inflammatory response, chronic inflammatory 

response, FBR, granulation tissue formation (admixture of lymphocytes, macrophages, fibroblast 

and neovascular buds) and fibrous capsule formation.
23

 Acute inflammation, chronic 

inflammation and FBR are often investigated in tandem as these stages are closely related and 

provide insight into the host response to a biomaterial.
23

 The acute inflammatory response is 

primarily impacted by local damage to the surrounding tissue where a greater implantation 

trauma will result in a more amplified acute response.
18

 Therefore, minimizing injury during 

implantation is essential. In the case of subcutaneous biosensors, this can be accomplished with 

injection, but does limit the implant‘s geometry and size. Additionally, the chemical and physical 

properties of the implant can potentially lead to chronic inflammation and a heightened FBR. In 

order to minimize the FBR, numerous groups have concentrated on “passively anti-fouling” 
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 5

polymeric materials that reduce protein and cellular adhesion, including: poly(tetrafluoro-

ethylene) (PTFE),
19, 24-26

 poly(vinyl alcohol) (PVA)
25-26

 and poly(ethylene glycol) diacrylate 

(PEG-DA).
27-29

 However, in vivo investigations with each of these materials have shown the 

presence of a fibrous capsule surrounding the implant of up to >100 µm,
19, 24, 26

 with PEG-DA 

exhibiting the thinnest capsule, ~30 µm.
29

 Currently, most commercialized transcutaneous 

continuous glucose monitoring (CGM) sensors (i.e. Dexcom Seven®, Guardian™) use stiff 

metal electrodes, such as platinum,
30

 which have limited lifetimes of days due to the host 

response.
31

 To enhance biocompatibility and lifetime, many transcutaneous electrodes and 

optical fibers have been coated with non-fouling polymers including Nafion,
32-34

 polyurethanes
35-

36
 and PEG-DA.

28, 37-38
 Although transcutaneous CGMs have improved significantly over recent 

years, the lifetime of these devices remain limited to < ~2 weeks.
31, 39-41

  

In contrast to these passively anti-fouling approaches, the thermoresponsive DNNC 

hydrogel membrane described herein relies on an “actively anti-fouling” or “self-cleaning” 

approach to physically detach adsorbed cells from its surface and also to limit initial cellular 

attachment strength and stability.
1-2, 11-12

 Having previously confirmed glucose diffusion, 

mechanical properties, swelling kinetics and cytocompatibility,
11-12

 the DNNC membrane’s 

thermally-driven self-cleaning behavior was then demonstrated in vitro by the reduction of 

cellular adhesion and successful cell-release when thermally cycled with an external heating 

system.
12

 In this work, a rodent animal model was utilized to evaluate the extent of the FBR 

elicited by this self-cleaning membrane in a biological enviroment. Time points of seven and 30 

days were utilized as these represent early- and mid-stages of healing. Here, we relied on local 

body temperature fluctuations around the membrane to drive cell detachmant in contrast to using 

an external heating source to remove cultured cells. The DNNC hydrogels were prepared as 
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 6

cylinders (diameter ~1.5 mm, length ~5 mm) and implanted into the dorsal subcutaneous tissue 

of rats via injection with a trocar needle. This represents a plausbile geometry for a membrane-

based glucose biosensor and an implantaion method that minimizes injury. Passively anti-fouling 

PEG-DA implants were evaluated in parallel to represent a benchmark response as a hydrophilic 

(Figure S1A), biocompatible control with high dimensional stability (i.e. non-thermoresponsive 

to the temperature range of the subcutaneous tissue of rats). While the PEG-DA implants 

exhibited a higher modulus than the DNNC membranes (Figure S1B), their stiffness remained 

much lower than most metallic CGM electrodes (moduli ~GPa). Thus, the objective of this work 

is to assess the extent of the FBR around the DNNC membrane implants in vivo under normal 

local body temperature fluctuations without the need for an external transdermal heating system.  

Experimental  

Materials. N-Isopropylacrylamide (NIPAAm, 97%), N-vinylpyrrolidone, and 

poly(ethylene glycol) diacrylate (PEG-DA, MW 575 g/mol) were purchased from Sigma-Aldrich 

(St. Louis, MO). N,N’-methylenebisacrylamide (BIS, 99%) was purchased from Acros Organics 

(Geel, Belgium). 2-Hydroxy-2-methyl-1-phenyl-1-propanone (Darocur 1173) and 1-[4-(2-

Hydroxy)-phenyl]-2-hydroxy-2-methyl-1-propane-1-one (Irgacure 2959) was purchased from 

Ciba Specialty Chemicals (Tarrytown, NY). Octamethylcyclotetrasiloxane (D4) and 1,3,5,7-

tetra-methyl-1,3,5,7-tetra¬vinylcyclotetrasiloxane (D4Vi) came from Gelest, Inc. 

Dodecylbenzene-sulfonic acid (DBSA, BIO-SOFT® S-101) came from Stepan Co. (Northfield, 

IL). For hydrogel fabrication and other experiments, deionized water (DI) with a resistance of 18 

MΩ·cm (Millipore, Billerica, MA) was used. 
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 7

Polysiloxane Nanoparticle Preparation. Polysiloxane colloidal nanoparticles with an 

average diameter of ~200 nm were prepared via emulsion polymerization and purified via 

dialysis as previously reported.
2
 The final emulsion was 4.8 wt% solids. 

DNNC Hydrogel Preparation. DNNC hydrogels were prepared by sequential formation 

of a relatively tightly crosslinked 1
st
 network containing polysiloxane nanoparticles (2 wt% solid 

nanoparticles based on NIPAAm weight) and a loosely crosslinked 2
nd  

network.
11

 The “1
st
 

network precursor solution” was formed by combining NIPAAm monomer (1.0 g), NVP co-

monomer (0.16 g), BIS crosslinker (0.04 g), polysiloxane nanoparticle emulsion (0.485 g), 

Irgacure-2959 photoinitiator (0.08 g) and DI (6.54 g). The “2
nd

 network precursor solution” was 

formed by combining NIPAAm (6.0 g), NVP (0.96 g), BIS (0.012 g), Irgacure 2959 (0.24 g), and 

DI (21.0 g). Cylindrical hydrogels (~1.5 mm x 5 mm, diameter x length) were prepared by 

pipetting the 1
st
 network precursor solution into a cylindrical glass mold (inside diameter = 1.0 

mm, length = 15 mm). The mold was immersed in an ice water bath (~7 °C) and exposed for 10 

min to longwave UV light. Cylindrical hydrogels were removed from their molds, rinsed with 

DI, and soaked in a Petri dish containing DI (60 mL) for 2 days at RT with daily water changes. 

The cylindrical hydrogels were then transferred into a Petri dish containing the 2
nd 

network 

precursor solution for 24 hr at RT. Each cylindrical hydrogel was then placed into a second 

cylindrical mold (diameter = 1.5 mm, length = 15 mm), submerged in an ice water bath (~7 °C), 

exposed for 10 min to longwave UV light and soaked in DI as above. A clean razor blade was 

used to trim ends to reduce the cylindrical length to 5 mm. The final diameter was measured via 

calipers. Similarly, planar sheet hydrogels were formed by injection of the 1
st
 precursor solution 

between two glass slides separated by 1 mm spacers and UV irradiated for 30 min in an ice water 

bath (~7 °C). The planar gels were allowed to soak in DI for 2 days and then transferred into the 
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 8

2
nd 

precursor solution for 2 days. Each planar gel was placed between two glass slides separated 

by 1 mm spacers, UV irradiated for 30 min in an ice water bath (~7 °C) and soaked in DI as 

above. 

PEG-DA Hydrogel Cylinder Preparation. Precursor solutions were formed by vortexing 

PEG-DA (100 %v/v) and Darocur 1173 (1% v/v) for 1 min. Cylindrical hydrogels (~1.5 mm x 5 

mm, diameter x length per electronic caliper) were prepared by pipetting the precursor solution 

into a hollow cylindrical glass mold (inside diameter = 1.0 mm, length = 15 mm) with one end 

sealed by Parafilm. After sealing the other end of the mold, it was exposed to longwave UV light 

(UV-Transilluminator, 6 mw/cm
2
, 365 nm) at room temperature (RT) for 3 sec. The cylindrical 

hydrogel was removed from the mold, rinsed with DI and immersed in a Petri dish containing DI 

(60 mL) for 24 hr. A clean razor blade was used to equally trim the ends to reduce the length to 5 

mm. Similarly, planar PEG-DA hydrogels were prepared by injecting the precursor solution 

between two glass slides separated by 1 mm spacers and UV irradiating for 20 sec at RT. The 

planar gels were removed from the molds and soaked in DI as above. 

Implanted DNNC Thermocycling Theoretical Diameter Change. Previously reported 

DNNC thermosensitivity data 
12

 was best-fit to a linear function spanning the expected implanted 

DNNC hydrogel cylinder temperature range (37-38 °C) seen in the subcutaneous tissue due to 

innate body temperature fluctuations of rats.
42-43

 This linear function was then used to determine 

the theoretical dimensional change with respect to ~1 °C oscillations of the implanted DNNC 

hydrogel cylinder temperature.  

Mesh Size of DNNC Hydrogels. Due to the complex structure of DN hydrogels, the mesh 

size is unable to be determined through standard calculations that typically require the molecular 
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 9

weight between crosslinks
44-45

 which is difficult to estimate with two interpenetrating, 

assymetrically crosslinked networks. Thus, in this study, DNNC mesh size was characterized via 

a series of dextran diffusion experiments, similar to as previously reported.
46

 Hydrogel discs 

(~13 x 1.2 mm, diameter x thickness) were punched from hydrogel sheets and each were soaked 

in 1 mL of 0.01 mg mL
-1

 concentrated FITC-dextran DI solutions (4, 10, 20, 40, 70, 150 or 250 

kDa, 3 discs for each mol. wt.). After 24 h at RT, the hydrogel discs were removed, gently rinsed 

with DI and blotted dry before transfering to 1 mL of fresh DI on a shaker table at 150 rpm. The 

dye was allowed to diffuse out of the hydrogels and the fluroescence of the surrounding solution 

was measured at 0 h and after 24 h at ex/em 480/520 nm. Standard calibration curves for each 

FITC-dextran size were used to convert fluorescence intensity to concentration. When the 

difference in concentration from 0 h to 24 h fell to negligible levels, it was assumed that 

diffusion was inhibited and therefore the mesh size could be correlated to a size range between 

that of the FITC-dextrans at this point.  

Implantation & Histological Evaluation. PEG-DA and DNNC cylindrical hydrogels 

(diameter ~1.5 mm, length ~5 mm) were sterilized by exposure to 80% ethanol for 45 min. 

Hydrogels were then washed three times for 30 min with sterile Dulbecco’s phosphate buffer 

solution (PBS). Disposable, sterile trocar needles (13G; inner diameter = 1.804 mm, Avid 

Identification Systems, Inc.) were utilized to inject a single cylindrical hydrogel into the 

subcutaneous tissue (2~3 mm in depth) within the panniculus muscle (Figure 1) in the dorsal of 

CD
®

 Hairless rats (N = 20, male, 8 weeks old, Charles River Laboratories). The CD
®

 Hairless rat 

species encompasses a normal immune response despite its abnormal, reduced hair growth. The 

rat’s hairless characteristic is ideal to facilitate the membrane implantation without unwarranted 

skin irritation commonly associated with shaving and nairing. Using isoflurane by inhalation, 
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 10

animals were anesthetized and anesthesia depth was tested by foot pinch reaction. Following 

implantation, the injection site was closed with surgical adhesive (3M Vetbond Tissue 

Adhesive, No. 1469SB). Material composition and dorsal placement were recorded for each 

rat/implant. All animals were immediately returned to individual cages and monitored every 12 

hr. A custom designed LabView program (National Instruments) recorded cage temperatures 

every 5 min. After either 7 or 30 days post-implantation, 10 animals were euthanized by CO2 

asphyxiation, photographed, evaluated for gross changes and immediately fixed in 10% neutral 

buffered formalin for one week. Finally, implants and their surrounding tissue were removed and 

processed for histology by serial dehydration, paraffin embedding, sectioning, and staining 

(hematoxylin and eosin (H&E)).  

All morphometric analysis was performed in the Cardiovascular Pathology Laboratory 

(CVP) in the College of Veterinary Medicine & Biomedical Sciences at Texas A&M University 

by a board certified pathologist (Dr. Fred Clubb, DVM) that remained blinded throughout the 

study. Each tissue cross-section was scanned to enable consistent viewing at 100x using OlyVIA 

Olympus slide-viewing software during analysis to provide a standard field of view (~50 µm x 

~70 µm, height x width). Each cross-section was divided into 4 sectors (Figure S2) and 100 cells 

per sector were identified manually by established morphometric parameters as neutrophils, 

eosinophils, lymphocytes, erythrophagocytosis, hemosiderin-laden macrophages, macrophages, 

fibroblasts, fibrocytes, multi-nucleated giant cells (MNGCs) or plasma cells. The percentages of 

each cell type were calculated for each sector and averaged giving an average cellular presence 

around each implant type per animal. These values were then averaged over all animals for each 

implant type to get the final reported percentages at each time point. Additionally, in each sector 

the presence of capillaries, fibrin, loose collagen and dense collagen was recorded as (-) 
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 11

indicating little to no presence, (+/-) indicating low presence and (+) indicating high presence. 

To further evaluate microvascular density, blood vessels (10-100 µm in diameter) within 1 mm 

of the superficial half of the polymer interface were manually counted. Finally, a healing score 

was assigned to each sector utilizing a criteria (Table S1) previously established in the CVP lab
47

 

to determine the healing stage at each time point. Fibrous capsule thickness was measured at 8 

distinct locations, 12:00 corresponding to the most superior point of the capsule nearest the 

dermis and 6:00 corresponding to the most inferior point of the capsule (Figure S2). The depth of 

the implant was determined from the outermost edge of the dermis to the interface of the 

hydrogel with the tissue at the 12:00 position. Furthermore, the diameter of each hydrogel 

cylinder was measured from the 12:00 to 6:00 position (perpendicular to the dermis) and the 3:00 

to 9:00 position (parallel to the dermis) as shown in Figure S2. All capsule measurements were 

performed blinded to avoid potential bias. Multiple student’s T-tests with the Holm-Sidak 

correction were applied to determine significance (p < 0.05) in all histological analysis. IACUC 

Approval. NIH guidelines for the care and use of laboratory animals (NIH Publication #85-23 

Rev. 1985) have been observed. All animal investigations conducted were approved by the 

Texas A&M University Institutional Animal Care and Use Committee and fell under the Animal 

Use Protocol #2012-191. 

Results and Discussion 

DNNC hydrogel fabrication and characterization. The thermoresponsive DNNC 

membrane fabrication has been previously described
12

 to obtain a cylindrical geometry for ease 

of implantation via trocar needle. Although these do not contain macropores, all hydrogels 

inherently have a mesh-like network that can be tuned through factors such as crosslink density 

and/or monomer concentration, thereby tailoring diffusion rates and swelling properties. Due to 
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 12

the multi-network design of these DNNC membranes, the traditional models used to calculate 

mesh size from equilibrium swelling ratios
44-45

 could not be easily adopted. Therefore, in this 

study a size exclusion experiment was performed via diffusion of varying sizes of FITC-dextran 

(4, 10, 20, 40, 70, 150, and 250 kDa MW) to estimate the mesh size. The mesh size of the DNNC 

hydrogels at RT was determined to be between 6.5 and 9.6 nm (Figure S3), corresponding to the 

hydrodynamic diameters (Dh) of 20 and 40 kDa FITC-dextran respectively.
48

 As a result, glucose 

(Dh ~1 nm) would be expected to diffuse freely through this membrane, with a diffusion 

coefficient of 2.73 ± 0.01x10
-6

 cm
2
s

-1
 (at RT) and 1.88 ± 0.001 (at 35 °C) as was reported 

previously.
12

 This nicely matches the diffusion coefficient of the surrounding dermis tissue, 

reported as 2.64 ± 0.42x10
−6

 cm
2
s

-1
.
49

 With their comparable glucose diffusivity, the DNNC 

hydrogels show great potential as self-cleaning, biosensor membranes that would not severely 

limit analyte diffusion. 

Deswelling/reswelling behavior of thermoresponsive DNNC hydrogel cylinder. By 

undergoing cyclical deswelling/reswelling, implanted thermoresponsive membranes were 

expected to actively inhibit cellular attachment and/or facilitate cellular detachment, and so 

potentially reduce the severity of the FBR. The core body temperature oscillations in normal 

male rats have been reported in literature to range from ~37.0-38.0 °C over a 24 hr period.
42-43

 

Additionally, studies comparing body temperatures measured rectally (core) to temperatures 

measured by subcutaneously implanted monitors have confirmed that the core body temperature 

of rats is approximately equal to that of the subcutaneous tissue.
50

 However, the VPTT of 

conventional crosslinked PNIPAAm hydrogels is ~33-35 °C and would so render such an 

implanted membrane in a fully deswollen, "static" state not conducive for cell-release or for 

maximum glucose diffusivity. Thus, the VPTT of the DNNC hydrogel was tuned to 36.5 
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°C (onset temperature, To)  and 39.5 °C (maximum temperature,Tmax) by incorporation of a 

hydrophilic comonomer (NVP).
12

 Previously reported DNNC thermosensitivity data
12

 was best-

fit to a linear function spanning the expected implanted DNNC hydrogel cylinder temperature 

range (37-38 °C) to quantify the corresponding diameter change.  The theoretical maximum 

diameter change of a cylindrical hydrogel (~1.5 mm x 5 mm, diameter x length) over this 

estimated 1.0 °C temperature oscillation from 37 to 38 °C was calculated to be ~9 µm. During a 

24 hr period, the DNNC hydrogel cylinder would undergo constant dimensional alterations while 

still remaining in a hydrated, swollen state well below its VPTT (Tmax = 39.5 ºC) but slightly 

over the onset temperature of the transition (To = 36.5 ºC).
12

 This consistent, localized change at 

the implant-tissue interface could potentially decrease cell adhesion on the DNNC surface, 

inhibiting the formation of a dense fibrous capsule around the biosensor. For the non-

thermoresponsive PEG-DA implant, it was previously shown to exhibit dimensional stability 

over a broad range of temperatures (25-40 ºC).
12

 

Implantation of PEG-DA and self-cleaning DNNC hydrogel implants. Using a trocar 

needle, one sterile cylindrical (diameters ~1.5 mm, length ~5 mm) thermoresponsive DNNC 

hydrogel and one PEG-DA (non-thermoresponsive control) were implanted into the dorsal 

panniculus muscle (1~3 mm in depth, Figure 1, Figure S4A) lateral to the spine of CD
®

 Hairless 

rats (N = 20, male, 8 weeks old). This location was chosen for the higher vascular density 

compared to that of the adipose tissue of the subcutaneous region.
51

 A greater amount of 

vascularization is desired to reduce the lag time between blood glucose to interstitial glucose 

levels in the tissue surrounding the biosensor membrane. One potential drawback of implanting 

into a more vascularized tissue is the greater initial injury imparted by the trocar needle, which 

may lead to a more intense acute inflammatory response. However, by evaluating the cellular 
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response at 7 and 30 days, we were able to determine the extent of acute inflammation after 1 

week and to monitor its resolution over time to ensure that proper healing was achieved. At each 

time point after explantation, the implant diameters of both implant types remained similar to the 

original implant geometry (diameters ~1.5 mm, Figure S4B).  

 

Figure 1. Representative histological image of cylindrical hydrogel implant cross-section, 

showing the location of implantation within the panniculus muscle and the typical depth (~1-3 

mm).  

Cellular response. To evaluate the host response induced by the thermoresponsive 

DNNC membranes, the presence of dominant cellular components related to inflammation and 

healing was determined at 7 and 30 days to investigate the early- and mid-stages of healing 

(Figure S5). As a benchmark biocompatible material, dimensionally stable PEG-DA was utilized 

as a positive control to establish a favorable cellular response. During early-healing (~3-10 

days), the acute inflammation caused by the minimal trauma incurring from implantation should 

begin to recede. At 7 days, cellular presence around both material compositions consisted mainly 
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of macrophages with small numbers of fibroblasts, lymphocytes, neutrophils and multi-nucleated 

giant cells (MNGCs), as shown in Figure 2. Macrophages are strongly recruited to the site of 

injury during acute inflammation;
52-53

 therefore, this result was expected. Notably, a slightly 

lower amount of macrophages was present surrounding the thermoresponsive DNNC membrane 

compared to the PEG-DA implant. We hypothesize that the lower modulus (Figure S1B), similar 

to that of the surrounding tissue, as well as the dimensional instability of the self-cleaning 

membranes produced a slightly milder acute inflammatory response. The clearing of red blood 

cells generated from vascular injury is confirmed by the reduction in erythrophagocytosis seen 

from 7 to 30 days (Figure S6). Furthermore, the number of inflammatory cells, including 

macrophages and MNGCs, were seen to significantly decrease at the 30 day time point, 

indicating resolution of the acute inflammatory response into mid-stage healing. Additionally, 

the presence of fibroblasts and fibrocytes increased after 30 days, indicating the formation of 

fibrous capsule tissue and a typical healing response. From the types of cells observed and the 

notable progression towards healing, the DNNC membranes demonstrated high biocompatibility 

and did not elicit any substantial adverse reactions by the body.  
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Figure 2. Cellular response surrounding thermoresponsive DNNC and non-thremoresponsive 

PEG-DA implants. Graphical analysis displaying the various cell types and their approximate 

percentage adjacent to DNNC and PEG-DA implants after 7 (solid) and 30 days (striped), where 

* indicates a significant difference of p < 0.05 and *** indicates a significant difference of p < 

0.005. 

Fibrous capsule formation. The formation of a dense avascular fibrous capsule around 

the biosensor will inhibit the rate of glucose diffusion from the surrounding interstitial fluid. This 

reduction in rate can be directly correlated with the thickness of the capsule (i.e. increased 

thickness, increased sensor lag time). Fibrosis occurs in the later stages of the FBR (weeks rather 

than days).
54

 Thus, at 7 days the tissue capsule around the implant was an unorganized cellular 

layer without significant fibrous tissue. The width of this unorganized cellular tissue surrounding 

the thermoresponsive DNNC was measured at multiple points (Figure S2) that resulted in 37.5 ± 
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11.0 µm (Figure 3) across all animals. The high deviation in the measured thickness at 7 days 

could be explained by the high cellularity resulting in a poorly defined tissue capsule. However, 

as resolution proceeded for 30 days, the capsule around the DNNC implants became more 

fibrous and well-defined. This organized, collagenous tissue capsule exhibited an average 

thickness of 33.2 ± 6.1 µm, nearing the minimum thickness typically reported in literature, ~30 

µm.
19-22

 and slightly thinner than the passively anti-fouling PEG-DA control with a thickness of 

45.9 ± 13.4 µm (Figure 3). By inhibiting the fibrous capsule formation, this self-cleaning 

membrane may reduce sensor lag time in a potential implantable biosensor. 

 

Figure 3. Representative histological images showing the cross-section of the thermoresponsive 

DNNC (top) and non-thermoresponsive PEG-DA (bottom) implants indicated by (#) and the 

surrounding tissue at 7 and 30 days, highlighting the fibrous capsule thickness indicated by the 

double arrows. The graph shows the quantitative tissue capsule thickness surrounding the 

thermoresponsive and non-thermoresponsive membranes at 7 days (solid, cellular capsule) and 

30 days (striped, fibrous capsule), where * indicates a significant difference of p < 0.05 and *** 

indicates a significant difference of p < 0.005. 
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Additionally, the composition of the capsule around the implant is important in 

determining the extent of healing. Thus, the fibrotic tissue presence, including fibrin and 

collagen, was evaluated qualitatively over 7 and 30 day time points with (-) indicating little to no 

presence, (+/-) indicating low presence and (+) indicating high presence (Table S2). Fibrin is 

released from the blood during initial injury, thus is more prevalent at the earlier time point of 7 

days. Activated fibroblasts produce collagen, which densifies as healing matures. Due to the 

relatively low number of fibroblasts seen near the implants at 7 days (Figure 2), only small 

regions of loose collagen were found at this time point. With the recruitment of more fibroblasts 

at 30 days, an increase in loose collagen was observed as well as trace amounts of dense 

collagen. This progression from loose fibrin to a dense collagenous capsule demonstrates normal 

resolution during the FBR.  

Although a dense fibrous capsule indicates appropriate healing, it can potentially inhibit 

glucose diffusion to the biosensor. Therefore, microvascular presence within the capsular tissue 

is important to carry glucose closer to the implant surface. Around both implant types, as 

expected due to a lack of macroporosity, a greater amount of vascularization was found in the 

outer regions of the tissue capsule than in the tissue nearest the implant surface (Table S2). To 

quantify microvascular presence, blood vessels (10-100 µm in diameter) within 1 mm of the 

superficial half of the hydrogel interface were counted. It was determined that DNNC hydrogels 

had a significantly higher vascular density (vessels per mm
2
) than the benchmark biocompatible 

PEG-DA implants post 30 days (Figure 4). We hypothesize that the dynamic nature at the DNNC 

hydrogel surface may promote a less organized extracellular matrix and promote 

neovascularization. 
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Figure 4. A) Representative histological image showing the cross-section of a thermoresponsive 

DNNC implant indicated by (#) and the surrounding tissue at 30 days, highlighting the 

microvasculature presence indicated by arrows. B) The average vascular density within 1 mm of 

the implants after 30 days of implantation. For statistics, * indicates a significant difference of p 

< 0.05. 

 As an overall confirmation of proper resolution around the implants, the dominant 

substrate and cellular components were evaluated and compiled into a healing score, rated from 

0 to 6 from initial implantation to end-stage healing as defined in Table S1. This criteria used for 

determining the stage of healing has been well established by the Cardiovascular Pathology 

Laboratory. In Figure S7, the expected progression of healing from early-stage at 7 days to mid-

stage at 30 days was confirmed for the DNNC implants.  

 

Conclusion 

Towards establishing its utility to house a subcutaneous glucose biosensor with long-term 

functionality, the biocompatibility of a thermoresponsive DNNC hydrogel membrane was 

evaluated in a rodent model in terms of its ability to minimize the FBR. This membrane was 

previously shown to effectively release culture cells with thermal cycling around its VPTT. 
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Herein, the implanted membrane relied on an “actively anti-fouling” or “self-cleaning” 

mechanism to limit cell adhesion and the subsequent FBR. Having tuned its VPTT (To = 36.5 

°C; Tmax = 39.5 °C), the implanted cylindrical membrane (diameter ~1.5 mm, length ~5 mm) was 

expected to remain in a largely swollen state but undergo small diameter changes (~9 µm) due to 

normal body temperature fluctuations (~37-38 °C). DNNC hydrogel cylinders were implanted 

subcutaneously (via injection) for 7 and 30 days to observe the FBR at both early- and mid-

stages of healing, respectively. “Passively anti-fouling” PEG-DA implants were evaluated in 

parallel as a non-thermoresponsive, benchmark biocompatible control. Notably, after 30 days, 

the fibrous capsule surrounding the thermoresponsive membranes was remarkably thin (~33 µm) 

versus those typically reported in literature (~30 to >100 µm) and slightly thinner than that of the 

passively anti-fouling PEG-DA implants (~46 µm). Moreover, the microvascular density around 

the DNNC implant was greater than that surrounding the non-thermoresponsive PEG-DA. By 

minimizing the fibrous capsule thickness and enhancing local vascularization, the self-cleaning 

DNNC membrane provides a potential solution to avoid reductions in analyte (glucose) diffusion 

to implanted biosensors. By utilizing an actively anti-fouling or self-cleaning approach rather 

than a passively anti-fouling approach, the DNNC membranes demonstrate an alternative method 

to control the FBR through constant dimensional change at the implant surface inhibiting cell 

accumulation and stability. Overall, the thermoresponsive DNNC membrane’s high 

biocompatibility combined with previously established in vitro properties (e.g. glucose diffusion 

and mechanical strength), make it a desirable candidate for a long-term, implantable glucose 

biosensor. 
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