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ABSTRACT 

By providing continuous glucose monitoring, a subcutaneously implanted 

glucose sensor would greatly improve the quality of life for diabetics. However, 

implantation of a sensor triggers the host response in which proteins and cells attach and 

accumulate onto the sensor membrane surface. This membrane biofouling severely 

limits sensor lifetime and accuracy by restricting glucose diffusion. Whereas attempts to 

reduce membrane biofouling have mostly relied on passivation approaches, we have 

designed “self-cleaning” membranes whose surfaces actively detach adhered proteins 

and cells upon thermal cycling. Thermoresponsive poly(N-isopropylacrylamide) 

(PNIPAAm) single network (SN) hydrogels deswell and reswell, respectively, when 

heated above and cooled below their volume phase transition temperature (VPTT). A 

self-cleaning PNIPAAm membrane would ideally be typically swollen (OFF-state) to 

facilitate glucose diffusion to the embedded sensor or sensing material. However, when 

transdermally heated above the VPTT, the membrane would reversibly switch to the 

deswollen state. This cyclical process would cause the active detachment of proteins and 

cells, thereby cleaning the surface to restore glucose diffusion. Double network (DN) 

designs, based on asymmetrically crosslinked, interpenetrating PNIPAAm networks, as 

well as considerations of membrane geometry and size were utilized to achieve the 

functional requirements of a self-cleaning membrane. 

This research was comprised of four major studies. In the first study, 

thermoresponsive PNIPAAm DN nanocomposite hydrogels containing inorganic 

polysiloxane nanoparticles were prepared. Inorganic, hydrophobic polysiloxane 
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nanoparticles (~50 nm and ~200 nm average diameters) were introduced during 

formation of the 1st or 2nd network of the PNIPAAm DN hydrogel.   

In the second study, thermoresponsive PNIPAAm DN hydrogels were prepared 

with an electrostatic comonomer (2-acrylamido-2-methylpropanesulfonic acid, AMPS). 

The negatively charged AMPS was incorporated at varying levels (0-75 wt% based on 

NIPAAm weight) during formation of the 1st network but was excluded from the 2nd 

network to retain the thermoresponsive behavior.  

In the third study, the combined impact of a PNIPAAm DN design and reduction 

of hydrogel size to the micron-scale on thermosensitivity and cell release efficacy was 

evaluated. PNIPAAm SN and DN hydrogels were prepared as 1.5 mm-thick planar slabs 

as well as micropillar arrays.  

The final aspect of this work was focused on evaluating the charged membrane 

design in terms of functional requirements essential to a final implanted glucose 

biosensor. This study paralleled previous efforts to likewise characterize a particular DN 

nanocomposite membrane.  
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CHAPTER I  

INTRODUCTION  

1.1. Background 

1.1.1. Diabetes challenge 

 Diabetes mellitus is a growing worldwide public health problem. Affecting more 

than 180 million people worldwide, this number is estimated to almost double by 2030 

[1, 2]. In the USA, over $245 billion dollars of direct medical costs were incurred to treat 

diabetics in 2012 [3]. For diabetics, the inability to regulate production or metabolism of 

insulin results in blood glucose concentration fluctuations above and below the normal 

range of 80 – 120 mg/dL.  In addition to short-term complications, poorly controlled 

blood sugar levels frequently lead to serious long-term complications, including heart 

diseases, kidney failure, blindness, limb amputation, and even death [4, 5]. Close 

monitoring of blood glucose concentrations is widely recognized as a core component of 

effective diabetes management [6]. Currently, blood sugar levels are most commonly 

 

 

Figure 1.1. A subcutaneous glucose biosensor could provide convenient, continuous 
monitoring of glucose levels. However, biofouling prevents glucose diffusion and, hence, the 
sensor fails in only 3-7 days. A membrane that controls this process could make continuous 
glucose monitoring a reality [8].  
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monitored via a finger prick test.  

Unfortunately, the finger-prick test is uncomfortable, inconvenient and, as a 

result, patient compliance (e.g. testing at least 4-6 times daily) is often not met. 

Furthermore, this monitoring method provides only intermittent “snap shots” of blood 

sugar levels. Because of this poor approach to monitoring blood sugar levels, diabetic 

patients are highly susceptible to serious short and long-term complications. Thus, an 

implanted continuous glucose monitoring (CGM) biosensor is a highly desirable 

alternative as it would provide constant knowledge of blood sugar levels, ultimately 

resulting in superior management of diabetes [7]. 

 

1.1.2. Limitations of current continuous glucose monitoring (CGM) systems 

Currently, only a few CGM devices have been approved by the FDA, but all are 

transdermal and none display a lifetime greater than 7 days. These CGMS (along with 

their lifetimes) include: (1) Medtronic MiniMed Guardian REAL-Time® (3 days), (2) 

Abbott FreeStyle Navigator Continuous Glucose Monitoring (CGM) Devices (5 days), 

and (3) the Dexcom SEVEN Plus (7 days). These CGM devices consist of a disposable 

transdermal sensor that measures the amount of glucose in the interstitial fluid, and an 

electronic hand-held receiver that reads the signal sent out from the sensor. However, the 

limited lifetime and physical irritation of transdermal CGMs have stunted their impact in 

the market. The limited lifetime of transdermal CGMs is primarily attributed to 

biofouling, which occurs as part of the foreign body response. Their limited lifetime and 
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need for frequent removal and replacement has also necessitated a transdermal rather 

than a more desirable fully subcutaneous design. 

 

1.1.3. Membrane biofouling – a barrier to long-term functionality 

Membrane biofouling of subcutaneously (Figure 1.1) or transdermally implanted 

biosensor, is considered to be a leading cause of failure [8, 9]. When a sensor is 

implanted into the subcutaneous tissue, a cascade of events is initiated as part of the 

foreign body reaction [9-13]. As it progresses, glucose diffusion is increasingly 

compromised due to the accumulation of proteins and cells on the surface which 

decrease sensor accuracy and lifetime. At the beginning of the foreign body reaction, 

implantation of the sensor causes injury to the surrounding tissue, leading to the release 

of fluids, proteins and cells from the vasculature, also known as exudation.  This process 

triggers the inflammatory response. During acute inflammation, neutrophils predominate 

but are replaced by monocyte-derived macrophages during chronic inflammation. 

Following inflammation, a healing response occurs which is marked by the formation of 

granulation tissue by fibroblasts and vascular endothelial cells. In addition, small blood 

vessels sprout from pre-existing vessels (i.e. angiogenesis). However, during the foreign 

body reaction, adherent macrophages can also fuse into foreign-body giant cells 

(FBGCs) which may persist for the lifetime of the implant. Fibrosis (i.e. fibrous 

encapsulation) ultimately surrounds the implant, isolating it from the tissue.  
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1.1.4. Current approaches to control membrane biofouling 

Reported approaches to control membrane biofouling are largely based on 

different passivation strategies. In this way, the membrane is designed to prevent or 

diminish the adhesion of proteins and cells (Figure 1.2A). Reported strategies to 

develop “anti-fouling” membrane materials include those based on poly(ethylene glycol) 

(PEG) [14] and zwitterions [15, 16]. In addition, topography (e.g. roughness, texture, 

and porosity) has been evaluated to enhance tissue in-growth and neovascularization 

while disrupting fibrosis (Figure 1.2B). Notably, porous membranes (5 – 60 μm 

diameter pores) have been prepared including those based on 

poly(tetrafluoroethylene)(PFTE) [17, 18], e-PTFE,[19] poly(vinylalcohol)(PVA) [20], 

poly(hydroxyl-ethylmethacrylate) (PHEMA) [21], and poly-L-lactic acid (PLLA) [22]. 

A third general passivation approach is to suppress inflammation and fibrosis as well as 

enhance angiogenesis around the sensor (Figure 1.2C). For instance, membranes that 

release nitric oxide [23, 24], dexamethasone [25] and vascular endothelial growth factor 

(VEGF) [26] have been studied. 

Anti-fouling or “passive” 
surfaces 

 

Figure 1.2. (A) Surface passivation. (B) Structure porosity. (C) Angiogenesis factor release. 

Controlled porosity to limit 

macrophage adhesion 

Suppress inflammation & 

enhance angiogenesis 
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1.2. Innovation 

In contrast to passivation approaches, we sought to develop a membrane design 

that would actively control biofouling. This membrane is designed to actively “self-

clean” through simple, readily controlled transdermal cyclical heating (Figure 1.3). 

Specifically, the membrane would undergo a cyclical, reversible transition from a 

swollen to deswollen state resulting in the release of adhered proteins and cells. While 

 

  iii 

Figure 1.3. (i) At 35C (i.e. body temperature of wrist subcutaneous tissue), the sensor membrane 
is in a swollen state (“OFF-state”). A swollen membrane will permit glucose diffusion and helps 
minimize cell adhesion (ii) Over time, proteins and cells accumulate on the membrane surface and 
begin to limit glucose diffusion. Conventional sensor membranes would require replacement of 
the sensor at this stage. (iii) Transdermal heating will invoke membrane deswelling, causing the  
release of proteins and cells (“ON-state”).Cooling to body temperature returns the membrane to  
its swollen state. 
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thermal modulation of thermoresponsive hydrogels has been shown to effectively release 

adhered cells (including macrophages) in vitro, they have not been used likewise used in 

vivo [27-33].  

 

1.2.1. Materials strategy  

Several functional requirements must be met by the self-cleaning membrane, 

including excellent thermosensitivity (i.e. fast deswelling/reswelling) and robust 

mechanical properties for insertion and removal of the membrane-enclosed sensor. 

Compared to conventional (i.e. single network, SN) hydrogels, double network (DN) 

hydrogels display enhanced mechanical properties as well as a high degree of swelling 

(i.e. hydration) [34-36]. DN hydrogels are comprised of two assymetrically crosslinked 

interpenetrated networks (IPN) where one network is more highly crosslinked than the 

other. While PNIPAAm IPNs have been previously reported,[37] PNIPAAm DN 

hydrogels have not. In this research, two thermoresponsive membrane designs were 

explored based on a DN design. The first is a PNIPAAm DN nanocomposite design 

containing polysiloxane nanoparticles (Figure 1.4). In previous work reported by our 

group [38], PNIPAAm SN nanocomposite hydrogels demonstrated enhanced 

thermosensitivity versus PNIPAAm SN hydrogels. Thus, the corresponding DN 

nanocomposites were expected to further improve thermosensitivity. In the second 

design, a series of PNIPAAm DN hydrogels containing an electrostatic comonomer (2-

acrylamido-2-methyl-propanesulfonic acid, AMPS) were explored (Figure 1.4). The 

electrostatic repulsive forces between negatively charged AMPS molecules was 
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expected to improve the mechanical properties of the membrane while enhancing 

swelling and optical transparency. 

 

 

Figure 1.4. PNIPAAm DN hydrogel designs evaluated as self-cleaning membranes for implanted 
glucose biosensors. 
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1.2.2. End use design  

In addition to membrane chemistry, the final membrane geometry was also 

considered. We envisioned that a cylindrical geometry would permit the ready insertion 

of the membrane-enclosed sensor into the subcutaneous tissue of the wrist via a tumor 

transducer needle. Such a cylindrical device may be also readily removed at the 

conclusion of the sensor lifetime. The cylindrical membrane could contain the sensor or 

sensing material either in the interior or central cavity or, alternatively, disperse 

throughout the membrane. A “watch-like device” or another such device worn over the 

implanted biosensor site would contain a heating component to invoke periodic, cyclical 

transdermal heating to affect self-cleaning of the membrane. Such a device could also 

contain, for instance, an optical transdermal probe for continuous glucose sensing. Thus, 

a diabetic having such a subcutaneously implanted biosensor would have convenient 

access to continuous glucose monitoring. This would represent a huge improvement to 

glucose monitoring versus the finger-prick test and even current transdermal CGMs. 

 

1.3. Approach 

1.3.1. Rationale  

Thermal modulation reversibly switches crosslinked PNIPAAm-based hydrogels 

from a water-swollen, hydrophilic state to a deswollen, hydrophobic state [39, 40]. This 

process has been shown to effectively cause controlled detachment of cells (including 

macrophages) in vitro [27-33]. For the purpose of a subcutaneously implanted glucose 

biosensor membrane, the membrane would be swollen in the “OFF state”, thereby 
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permitting adequate diffusion of glucose to the sensor or sensing materials. To control 

biofouling, the membrane would be heated transdermally to cause it to switch to the 

deswollen “ON state”. The process of thermal cycling would cause the membrane to 

“self-clean” by eliciting protein and cell detachment. The utility of a PNIPAAm-based 

hydrogel as a self-cleaning membrane of an implanted glucose biosensor membrane 

demands three key functional requirements, including: (1) swollen in the “OFF-state” 

(i.e. swollen at body temperature of the subcutaneous tissue of wrist, 35 C) for adequate 

glucose diffusion, (2) rapid thermal modulation to induce efficient release of adhered 

proteins and cells, and (3) robust mechanical properties for insertion, removal, and 

integrity while indwelling. 

 

1.3.2. Strategy  

To achieve the functional requirements of the self-cleaning membrane, two 

PNIPAAm DN hydrogel designs were explored, including a nanocomposite design 

containing polysiloxane nanoparticles and a second design based on incorporation of an 

electrostatic comonomer, AMPS (Figure 1.4). Considerations of the membrane 

cylindrical geometry were also made, including in terms of glucose diffusion and cell 

release behavior. PNIPAAm DN hydrogels were prepared by increasing the amount of 

crosslinker in the 1st network relative to the 2nd network. For both designs, such that the 

implanted membranes would be theoretically swollen in the “OFF-state”, it was verified 

that the VPTT of the membrane could be raised from ~33 C (i.e. that of pure PNIPAAm 

SN hydrogels) to ~38-39 C (i.e. above 35 C or the body temperature of the 
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subcutaneous body tissue of the wrist). This was accomplished by the inclusion of a 

small amount of a hydrophilic co-monomer, N-(vinylpyrrolidone) (NVP) (~2 wt% based 

on NIPAAm). For the PNIPAAm DN nanocomposite design, polysiloxane nanoparticles 

of two different diameters (~50 and 200 µm) were incorporated during the formation of 

either the 1st or 2nd network. In the case of the electrostatic PNIPAAm-co-AMPS DN 

design, AMPS was incorporated at varying levels (0-75 wt% based on NIPAAm weight) 

during formation of the 1st network in order to maintain thermosensitivity. For both 

designs, the impact of membrane composition was systematically studied for planar 

membranes with the appropriate methods, including: VPTT (by differential scanning 

calorimetry, DSC), thermosensitivity (by gravimetric deswelling/reswelling 

experiments), morphology (by scanning electron microscopy, SEM), modulus and 

strength (by quasi-static tensile and/or compression tests) and storage modulus (by 

dynamic mechanical analysis, DMA). The impact of a cylindrical micropillar geometry 

versus a planar, mm-thick geometry were made by preparing micropatterned PNIPAAm 

SN and DN hydrogels (~200 µm diameter). Comparison of thermosensitivity and self-

cleaning ability was made by evaluating temperature-driven changes in pillar diameter 

and cell-release, respectively. Finally, membrane designs were considered in more 

specific terms related to their ability to function as a self-cleaning membrane for an 

implanted glucose biosensor. This included measurement of glucose diffusion and 

modeling of glucose diffusion lag time for membranes whose VPTT was adjusted to ~38 

C with NVP. In addition, thermally-driven deswelling/reswelling and cell release from 

cylinders with dimensions expected for implantation (1.5 x 5 mm) was evaluated. For 



 

 11  

 

the DN nanocomposite design, these characteristics were previously reported [41]. In 

this work, we extend this analysis to the electrostatic DN design. 
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CHAPTER II  

THERMORESPONSIVE NANOCOMPOSITE DOUBLE NETWORK HYDROGELS* 

2.1. Overview 

The utility and efficacy of thermoresponsive poly(N-isopropylacrylamide) 

(PNIPAAm) hydrogels as smart materials is limited by their  physical properties. In this 

study, we sought to design PNIPAAm nanocomposite hydrogels which displayed 

enhanced mechanical properties as well as deswelling/reswelling kinetics but without 

reducing equilibrium swelling or altering the convenient volume phase transition 

temperature (VPTT) of PNIPAAm. PNIPAAm hydrogels were formed as double 

networks (DN) comprised of a tightly crosslinked 1st network and a loosely crosslinked 

2nd network.  In addition, polysiloxane nanoparticles of two different average diameters 

(~50 nm and ~200 nm) were incorporated during formation of the 1st or 2nd network. The 

influence of the hydrogel composition on VPTT, morphology, equilibrium swelling, 

deswelling/reswelling kinetics and mechanical properties was evaluated. We observed 

that DN hydrogels formed with ~200 nm polysiloxane nanoparticles introduced during 

formation of the 1st network achieved the best combination of the desired properties. 

 

 

 

________________________ 
* Reprinted with permission from “Thermoresponsive nanocomposite double network hydrogels” by Fei 

R, George JT, Park J, Grunlan MA, 2012. Soft Matter, 8, 481-7, Copyright 2014 by the Royal Society of 
Chemistry. 
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2.2. Introduction 

Thermal modulation reversibly switches crosslinked poly(N-

isopropylacrylamide) (PNIPAAm) hydrogels between a water-swollen, hydrophilic state 

and a deswollen, hydrophobic state [39, 42]. A volume phase transition temperature 

(VPTT) of ~33-35 C makes PNIPAAm hydrogels particularly useful to prepare “smart” 

materials for biological applications [43-46]. These applications include microfluidic 

actuation [47-50], separation [47, 51, 52], controlled drug delivery [47, 53-55] and 

controlled detachment of adsorbed cells and proteins for cell sheet tissue engineering 

[29, 47, 56], anti-fouling coatings [57-59], and “self-cleaning” membranes for implanted 

biosensors [60-63]. 

In these applications, conventional PNIPAAm hydrogels prepared via 

copolymerization of N-isopropylacrylamide (NIPAAm) and a crosslinker such as N,N’-

methylenebisacrylamide (BIS) have limited efficacy due to poor mechanical properties 

as well as slow deswelling/reswelling kinetics (i.e. thermosensitivity) [64]. It is typical to 

employ strategies which reduce equilibrium swelling in order to improve hydrogel 

mechanical properties such as increasing crosslink density [65, 66] and introducing 

discrete fillers [67]. However, a highly swollen state is critical for certain applications 

involving transport or separation. In addition, many strategies useful to enhance the 

thermosensitivity of PNIPAAm hydrogels (without altering the VPTT) diminish 

mechanical properties, including: comb-type networks,[68-70] heterogeneous 

morphologies [71-73], poration [74-77] or open channel structures [78].  
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Nanocomposite hydrogels, including those based on PNIPAAm, have attracted 

recent attention, particularly for biological applications [79, 80]. PNIPAAm-based 

nanocomposite hydrogels have been prepared with various fillers such as iron oxide 

nanoparticles [81], gold nanoparticles [82], silicate nanoplatelets [83, 84], grapheme [85, 

86], carbon nanotubes [87] and silica [88]. We recently reported PNIPAAm 

nanocomposite hydrogels prepared by introduction of hydrophobic polysiloxane 

nanoparticles with average diameters of ~50 nm [89] and ~200 nm [38]. Without 

changing the VPTT, the polysiloxane nanoparticles produced an increase in hydrogel 

rigidity. However, this was at least due in part to a decrease in equilibrium swelling of 

the nanocomposite hydrogels. Notably, we also observed that nanocomposite hydrogels 

containing ~50 nm particles exhibited an exceptionally enhanced rate of deswelling [90]. 

In this study, we sought to design a PNIPAAm nanocomposite hydrogel which 

displayed enhanced mechanical properties as well as deswelling/reswelling kinetics and 

without reducing equilibrium swelling or altering the VPTT.  Compared to conventional 

or single network (SN) hydrogels, double network (DN) network hydrogels are 

associated with enhanced mechanical properties as well as a high degree of swelling [35, 

90]. DN hydrogels are a class of interpenetrating polymer networks (IPNs) comprised of 

two highly asymmetrically crosslinked networks. Gong and co-workers reported the first 

DN hydrogels consisting of tightly crosslinked, ionizable 1st network comprised of 

poly(2-acrylamide-2-methyl-propane sulfonic acid) (PAMPS) and sparsely crosslinked, 

neutral 2nd network comprised of poly(acrylamide) (PAAm) [91, 92].  DN hydrogels 

consisting for poly(ethylene oxide) (PEO) and poly(acrylic acid) (PAA) have also been 
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prepared which are essentially the inverse of those prepared by Gong et al [93]. These 

are comprised of a tightly crosslinked, neutral 1st network of PEO and a loosely 

crosslinked, ionizable 2nd network of PAA. Several other DN hydrogels have been 

reported but a similarly non-thermoresponsive [94, 95]. While Zhang et al. reported 

PNIPAAm IPNs, the crosslinking design did not qualify them as DNs [96]. Furthermore, 

while these PNIPAAm IPNs achieved enhanced mechanical properties, equilibrium 

swelling was correspondingly decreased.   

 
 
 
    Table 2.1. Hydrogel composition 

 1st Network 2nd Network 
Notation %BIS NP (size) %BIS NP (size) 

SN 4% -- -- -- 
DN 4% -- 0.2% -- 
50-1 4% ~50 nm 0.2% -- 
50-2 4% -- 0.2% ~50 nm 
200-1 4% ~200 nm 0.2% -- 
200-2 4%  0.2% ~200 nm 
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Figure 2.1. (a) Schematic depiction of double network (DN) hydrogels in which polysiloxane 
nanoparticles were introduced during formation of the “1st network” (i.e. 50-1 & 200-1) or the 
subsequent “2nd network” (i.e. 50-2 & 200-2). (b) Photograph of hydrogels series. 

 

Herein, we report thermoresponsive PNIPAAm DN hydrogels containing 

inorganic polysiloxane nanoparticles (Table 2.1, Figure 2.1a).  Colloidal polysiloxane 

nanoparticles with average diameters of ~50 nm[89] and ~200 nm [38] prepared via 

emulsion polymerization were utilized. Nanocomposite DN hydrogels were prepared 

with a tightly crosslinked PNIPAAm 1st network and a loosely crosslinked PNIPAAm 

2nd network by altering the amount of BIS crosslinker. Nanoparticles were introduced 

during the formation of the 1st or 2nd network. The VPTT, morphology, equilibrium 

swelling, deswelling/reswelling kinetics, and mechanical properties were evaluated.  

 

SN DN 50-1 50-2 200-1 200-2

(b)

= 1st network = 2nd network

= polysiloxane nanoparticle (~50 or ~200 nm)

(a)
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2.3. Materials and Methods 

 2.3.1. Materials 

Octamethylcyclotetrasiloxane (D4) and 1,3,5,7-tetra-methyl-1,3,5,7 

tetravinylcyclotetrasiloxane (D4
vi) were purchased from Gelest, Inc. Brij 35, Brij 78, N-

isopropylacrylamide (NIPAAm, 97%) and Tergitol NP-40 (70% in H2O) were obtained 

from Aldrich. Dodecylbenzenesulfonic acid (DBSA, BIO-SOFT S-101) was purchased 

from Stepan Co. Potassium persulfate (K2S2O8) was purchased from Mallinchrodt 

Chemicals. N,N’-methylenebisacrylamide (BIS, 99%) was purchased from ACROS. 1-

[4-(2-Hydroxy)-phenyl]-2-hydroxy-2-methyl-1-pro-pane-1-one (Irgacure 2959) was 

purchased from Ciba. 

 

2.3.2. Synthesis of crosslinked polysiloxane colloidal nanoparticles 

Crosslinked polysiloxane nanoparticles having two different average diameters 

(~54 nm [89] and ~219 nm [38]) were prepared as previously reported. 

 

2.3.3. Preparation of single network (SN) hydrogels 

SN hydrogels were prepared via in situ photocure of aqueous precursor solutions 

containing NIPAAm monomer, BIS crosslinker, Irgacure-2959 photoinitiator, DI water 

and optionally crosslinked polysiloxane nanoparticles (2 wt% solid nanoparticles based 

on NIPAAm weight). In a 50-mL round bottom (rb) flask equipped with a Teflon-

covered stir bar, NIPAAm (1.0 g), BIS (0.04 g), and Irgacure-2959 (0.08 g) were 
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dissolved in DI water (the total volume equal to 7 mL including the volume of water 

introduced by the nanoparticle emulsion). Finally, the required amount of nanoparticle 

emulsion was optionally added. 

Hydrogel sheets were prepared by pipetting the precursor solution into a 

rectangular mold formed by sandwiching polycarbonate spacers (1.5 mm thick) between 

two clamped glass microscope slides. The mold was submerged in an ice water bath (~7 

oC) and subjected to UV light (UV-Transilluminator, 6 mw/cm2, 365 nm) for 30 min. 

After removal from the mold, the hydrogel sheet was rinsed with DI water and then 

soaked in DI water for 2 days with daily water changes to remove impurities.   

 For tensile tests, hydrogels were prepared with a “ring” geometry. First, 

hydrogels were prepared as a hollow tube with a double walled tubular mold composed 

of an inner glass mandrel (diameter = 3.2 mm) and an outer glass cylinder (diameter = 

7.9 mm) secured with machined Teflon stoppers at each end. By removing one stopper, 

the tubular mold was filled with the precursor solution, stoppered, and photocured while 

submerged in an ice water bath (~7 °C) for 30 min under constant rotation such that each 

surface point received equal UV intensity and exposure time. The hydrogel tube was 

removed from the mold and similarly purified as above. For tensile tests of SN, ~ 3 mm 

wide pieces were cut from the central portion of the resulting hydrogel tube. 

 

2.3.4. Preparation of double network (DN) hydrogels 

The designated SN hydrogel was soaked in a solution of NIPAAm (6.0 g), BIS 

(0.012 g), Irgacure-2959 (0.24 g), DI water (the total volume equal to 21 mL including 



 

 19  

 

the volume of water introduced by the nanoparticle emulsion) and optionally crosslinked 

polysiloxane nanoparticles (2 wt% solid nanoparticles based on NIPAAm weight) for 24 

hr. The hydrogel sheet was then transferred to a rectangular mold (2.3 mm thick), 

photocured and purified as above. 

 For tensile tests, DN hydrogels with a ring geometry were prepared by soaking 

the previously prepared SN hydrogel tube in the aforementioned solution as above. The 

hydrogel tube was then transferred to a double walled tubular mold composed of an 

inner glass mandrel (diameter = 3.2 mm) and an outer glass cylinder (diameter = 12.5 

mm), secured with Teflon stoppers at each end and cured as above (~7 °C, 30 min). 

Following purification, the central portion of the hydrogel tube was cut into ~ 3 mm 

wide pieces to produce the ring specimens. 

 

2.3.5. Extent of crosslinking 

The amount of uncrosslinked material in select hydrogels was determined by 

weight loss following soaking in dichloromethane (CH2Cl2). For a given hydrogel, three 

hydrogel discs (13 mm diameter, 1.5 mm thickness) were punched from a single 

hydrogel sheet with a die and dried in a vacuum oven [30 in. Hg, room temperature 

(RT), 24 hr] and weighed. Each dried discs was soaked in 10 mL of CH2Cl2 for 24 hr 

and weighed after similarly drying in a vacuum oven. The percentage of uncrosslinked 

material was calculated as the average weight difference of the extracted versus 

unextracted weight divided by the unextracted weight. 
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2.3.6. Volume phase transition temperature (VPTT) 

The VPTT of swollen hydrogels was determined by differential scanning 

calorimetry (DSC, TA Instruments Q100). Water-swollen hydrogels were blotted with 

Kim Wipe and a small piece sealed in a hermetic pan. After cooling to -50 C, the 

temperature was increased to 50 C at a rate of 3 C /min for 2 cycles. The resulting 

endothermic phase transition peak is characterized by the initial temperature at which the 

endotherm starts (To) and the peak temperature of the endotherm (Tmax). Reported data is 

from the 2nd cycle.  

 

2.3.7. Morphology 

To retain their morphology, swollen hydrogel specimens were immersed in liquid 

nitrogen and subsequently freeze-dried with a lyophilizer (Labconco Centri Vap Gel 

Dryer System) overnight. Specimen cross-sections were subjected to Pt-sputter coating 

and viewed with a field emission scanning electron microscope (FEI Quanta 600 FE-

SEM) at 10 keV accelerating voltage. 

 

2.3.8. Equilibrium swelling 

Three discs (13 mm diameter) were punched from a single sheet with a die. Each 

disc was placed in a sealed vial containing 20 mL DI water, immersed in a temperature 

controlled water bath for 24 hr at the designated temperature (10-50 C), removed, 

blotted with a Kim Wipe to remove surface water and weighed (Wt). After the last 
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measurement, each disc was vacuum dried (30 in. Hg, 60 °C, 24 hr) and weighed (Wd). 

Equilibrium swelling ratio (SR) is defined as: SR = Wt/Wd. 

 

2.3.9. Kinetic deswelling 

Three discs (13 mm diameter) were prepared as above. Each disc was placed in a 

sealed vial containing 20 mL DI water, immersed in a water bath for 24 h at 22 C to 

reach equilibrium (Ws) and quickly transferred into a 50 C water bath. At 10, 20, 40, 80, 

120, 180 min, each disc was removed, blotted with a Kim Wipe, immediately weighed 

(Wt) and returned to the vial for subsequent measurements. After 180 min, the discs were 

dried in a vacuum oven (30 in. Hg, 60 C, 24 hr) and weighed (Wd). Water retention 

(WR) is defined as: WR = (Wt -Wd)/Ws. 

 

2.3.10. Kinetic re-swelling 

Three discs (13 mm diameter) were prepared as above. Each disc was placed in 

an open vial, dried in a vacuum oven (30 in. Hg, 60  C, 24 hr) and weighed (Wd). To 

each vial was added 20 mL DI water and the sealed vial immersed in a water bath at 22 

C. At 10, 20, 40, 80, 120, 200, 320, 450 and 640 min, each disc was removed, blotted 

with a Kim Wipe and weighed (Wt). Kinetic reswelling ratio is defined as: SR = Wt/Wd. 

 

2.3.11. Dynamic mechanic analysis (DMA) 

Five discs (13 mm diameter) were prepared as above. DMA of discs was 

measured in the compression mode with a dynamic mechanical analyzer (TA 
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Instruments Q800) equipped with parallel-plate compression clamp with a diameter of 

40 mm (bottom) and 15 mm (top). The swollen disc (13 mm diameter) was blotted with 

a Kim Wipe, clamped between the parallel plates and silicone oil placed around the 

exposed hydrogel edge to prevent dehydration. Following equilibration below the VPTT 

at 25 C (5 min), the specimens were tested in a multi-frequency-strain mode (1 to 25 

Hz).  

 

2.3.12. Compression tests 

Three discs (13 mm diameter) were prepared as above. Compressive tests were 

performed with an Instron 3340 at RT. A swollen disc (13 mm diameter) was blotted 

with a Kim Wipe and clamped between the parallel plates with an initial pre-load force 

of ~0.5 N. Compressive strain was applied at a rate of 1 mm/min until the disc fractured. 

The following parameters were determined: (1) compressive modulus; (2) ultimate 

compressive strength (UCS), and (3) % strain at break. The modulus was obtained from 

the slope of the stress-strain curve between 0 and 10% strain [94]. 

 

2.3.13. Tensile tests 

A ring geometry rather than a rectangular strip or dog bone was used to measure 

tensile properties for improved accuracy [38, 97]. Three hydrogel rings (~3 mm width) 

were cut from the central portion of the designated hydrogel tube using a razor blade and 

dimensions measured with an electronic caliper. The ring was blotted with a Kim Wipe 

and loaded onto custom aluminium bars gripped directly into DMA tension clamps so 
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that the upper and lower bars were located inside the ring. At RT, samples were 

subjected to a constant strain (1 mm/min) until they broke at the center of one side of the  

ring. Stress was calculated from the measured force divided by the cross-sectional area 

of two rectangles with sides equal to the width and wall thickness of the ring. The gauge 

length corresponded to the outer diameter of the ring less the wall thickness. The 

following parameters were determined: (1) tensile modulus, (2) ultimate tensile strength 

(UTS), and (3) % strain at break. The tensile modulus was obtained from the slope of the 

linear part of the stress-strain curve between 0 and 10% strain. The UTS represents the 

maximum stress prior to failure. % Strain at break was calculated from the measured 

displacement divided by the gauge length. 

 

 

 

Table 2.2. VPTT and mechanical properties of hydrogels 

 

 

  VPTT  Compressive Properties  Tensile Properties 

Hydrogel   To 
(C) 

Tmax 
(C) 

 Modulus  
(kPa) 

UCS  
(kPa) 

%strain  
 @ break 

 Modulus  
(kPa) 

UTS  
(kPa) 

%strain 
 @ break 

SN  32.0 33.9  81 ± 14 144 ± 12 57 ± 1  19.7 ± 2.0 6.4 ± 0.5 26 ± 3 
DN  32.4 34.0  188 ± 7 452 ± 56 52 ± 3  26.6 ± 0.5 8.6 ± 1.4 32 ± 4 
50-1  32.5 33.6  162 ± 11 473 ± 59 57 ± 2  21.7 ± 1.6 7.6 ± 1.6 36 ± 3 
50-2  32.1 33.5  175 ± 16 474 ± 60 52 ± 1  25.9 ± 1.0 7.9 ± 0.5 31 ± 4 
200-1  32.3 33.6  181 ± 7 443 ± 48 51 ± 3  21.0 ± 1.5 7.5 ± 2.7 35 ± 9 
200-2  32.2 33.6  165 ± 7 600 ± 7 54 ± 2  22.7 ± 1.1 9.9 ± 1.3 40 ± 1 
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Table 2.3. Gel content of SN and DN hydrogel series. 

 

 

 

 

 

 

 

 

2.4. Results and Discussion 

2.4.1. Preparation of SN and DN hydrogels 

SN hydrogels (including “SN”) were formed by photo-polymerization of aqueous 

solutions containing NIPAAm monomer and BIS crosslinker (4 wt% based on 

NIPAAm) and optionally polysiloxane nanoparticles (Table 2.1, Figure 2.1). DN 

hydrogels (including “DN”) were formed sequentially in two steps by swelling the 

 1
st
 Network 2

nd
 Network Uncrosslinked 

Content 

Notation %BIS NP (size) %BIS NP (size) % 
SN 4% -- -- -- 5.8±0.3 
DN 4% -- 0.2% -- 0.4±0.2 
50-1 4% ~50 nm 0.2% -- 1.6±1.2 
50-2 4% -- 0.2% ~50 nm 1.2±0.8 
200-1 4% ~200 nm 0.2% -- 1.5±0.8 
200-2 4% -- 0.2% ~200 nm 0.6±0.2 
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designated SN hydrogel with an aqueous solution containing NIPAAm and BIS 

crosslinker (0.2 wt% based on NIPAAm) and optionally polysiloxane nanoparticles 

followed by subsequent photocure. For all DN hydrogels, the % uncrosslinked material 

extracted was less than 2% (Table 2.3). The DN hydrogels are comprised of a relatively 

high crosslink density 1st network and an interpenetrating low crosslink density 2nd 

network (Figure 2.1a). The SN and DN hydrogels prepared without nanoparticles were 

optically clear indicative of a homogeneous morphology associated with curing at low 

temperatures (Tprep < 20 C) (Figure 2.1b) [38, 98, 99]. Upon incorporation of 

polysiloxane nanoparticles, the DN hydrogels became somewhat opaque and, as 

expected, more so with the larger ~200 nm nanoparticles. It was observed that DN 

hydrogels in which the polysiloxane nanoparticles were introduced into the 1st network 

(i.e. 50-1 and 200-1) were relatively more opaque versus the corresponding DN hydrogel 

in which the nanoparticles were incorporated into the 2nd network (i.e. 50-2 and 200-2, 

respectively). Because of the relatively high crosslink density of the 1st network, 

subsequent integration of polysiloxane nanoparticles was apparently somewhat inhibited. 

However, 50-2 and 200-2 were more opaque versus DN (no nanoparticles), indicating 

incorporation of some polysiloxane nanoparticles.  
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2.4.2. VPTT 

When heated above its VPTT, PNIPAAm hydrogels exhibit an endothermic peak 

due to breaking of the hydrogen bonds of surrounding water molecules [100, 101]. 

Measured by DSC, the onset (To) or the maximum temperature (Tmax) of the endothermic 

peak designates the VPTT [102-104]. In this way, the VPTT of swollen hydrogels were 

determined (Table 2.2., Figure 2.2). When the hydrogel matrix was changed from a SN 

(“SN”) to DN (“DN”) design, the VPTT was not altered. The VPTT was also unchanged 

when polysiloxane nanoparticles were incorporated into DN hydrogels. This effect was 

similarly observed when ~50 and 200 nm polysiloxane nanoparticles were incorporated 

into SN hydrogels [38, 89]. The lack of change to the VPTT is attributed to the discrete 

Figure 2.2. DSC thermograms of hydrogels. 
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nature of the nanoparticles which apparently do not interfere with dissociation of water 

molecules around the PNIPAAm propyl moieties during heating. 

 

 

 

 

 

 

SN DN

50-1 50-2

200-1 200-2

Figure 2.3. SEM micrographs of hydrogels. All scale 
bars = 20 µm. 
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2.4.3. Morphology 

The morphology of hydrogels was studied by SEM. Morphology was 

dramatically changed according to composition (Figure 2.3). For 200-1, pores were 

Figure 2.4. Hydrogel equilibrium swelling ratio (by 
mass). 
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notably larger versus other hydrogels. This may be the result of its combination of larger 

nanoparticles (i.e. ~200 nm) and higher nanoparticle content (versus 200-2) which 

facilitated the expansion of the pores due to the hydrophobicity of the polysiloxane 

nanoparticles. 

 

2.4.4. Equilibrium swelling 

Equilibrium swelling ratios of the hydrogels was measured gravimetrically from 

10 to 50 oC (Figure 2.4). At temperatures below the VPTT (~33 ºC), the hydrogels exist 

in a swollen state. Enhanced swelling below the VPTT is desirable for PNIPAAm-based 

hydrogels in applications involving transport and delivery. DN did not exhibit enhanced 

swelling versus SN. Thus, the enhanced swelling of previously reported DN hydrogel 

systems likely stems from the electrostatic nature of the ionizable network [91-93]. 

However, for 200-1, the swelling ratio was dramatically enhanced below the VPTT and 

without compromising the extent of deswelling above the VPTT. The enhanced swelling 

of 200-1 may be explained by its particularly large pores (Figure 2.3). 
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Figure 2.5. Hydrogel deswelling kinetics at 50 C (by mass). 

Figure 2.6. Hydrogel reswelling kinetics at 22 C (by mass). 
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2.4.5. Kinetic deswelling-re-swelling properties 

A rapid and extensive response to thermal modulation (i.e. thermosensitivity) of 

PNIPAAm-based hydrogels is essential for release and delivery applications. The 

thermosensitivity of hydrogels were determined by measuring the rate and extent to 

which they deswelled at 50 ºC (> VPTT) (Figure 2.5) and subsequently reswelled at 22 

ºC (< VPTT) (Figure 2.6).  

 DN exhibited an enhanced rate and extent of deswelling versus SN due to the 

former’s crosslink inhomogeneity. Furthermore, upon incorporation of polysiloxane 

nanoparticles, the resulting DN hydrogels exhibited an additional increase deswelling. 

The hydrophobicity of the nanoparticles may facilitate water expulsion during 

deswelling. DN hydrogels containing ~200 nm nanoparticles exhibited somewhat 

enhanced deswelling versus the corresponding DN hydrogels containing ~50 nm 

nanoparticles.   

 As with equilibrium swelling, the rate and extent of reswelling of DN not 

enhanced versus that of SN. In most cases, incorporation of polysiloxane nanoparticles 

into DN hydrogels did not significantly change reswelling behavior. However,  

200-1 exhibited a pronounced increase in the rate as well as extent of swelling. The 

enhanced thermosensitivity of 200-1 is attributed to its particularly large pores (Figure 

2.3).  
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2.4.6. Mechanical properties 

Mechanical properties of PNIPAAm-based hydrogels are critical to maintain 

structural integrity when subjected to mechanical forces both in vitro and in vivo. During 

DMA, hydrogel stiffness was measured in terms of the storage modulus (G’) as a 

function of frequency of the applied strain in compression (Figure 2.7). G’ of DN was 

nearly twice that of SN. Because the swelling ratio of DN and SN are very similar at RT, 

the enhanced stiffness of DN is attributed to its asymmetrically crosslinked network 

rather than reduced hydration [92, 105]. With the exception of 200-1, incorporation of 

polysiloxane nanoparticles did not substantially change the RT swelling ratio of DN 
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hydrogels versus that of DN and SN.  However, the G’ of these DN hydrogels were 

lower than that of DN but remained higher than that of SN. It was also observed that for 

a given nanoparticle size, their incorporation into the 2nd rather than the 1st network 

produced DN hydrogels with higher G’ values.  As noted by their relative opacity, less 

nanoparticles are incorporated into the DN hydrogel when introduced during formation 

of the 2nd network.  Apparently, nanoparticles somewhat alter the asymmetrically 

crosslinked network of the PNIPAAm matrix so as to diminish its ability to resist 

deformation.  

 As was observed for G’, the compressive and tensile moduli of all DN hydrogels 

were greater than that of SN (Table 2.2). Quasi-static compression and tensile tests 

additionally permit assessment of strength. Ultimate compressive strength (UCS) has 

been observed to be dramatically enhanced for previously reported DN hydrogels.[91-

93] This is attributed to the ability of the asymmetrically crosslinked networks to 

dissipate the applied force [92, 105]. UCS and UTS of all DN hydrogels were 

dramatically enhanced versus that of SN. 200-2 exhibited particularly high strength. 

However, given the substantially higher swelling of 200-1, its high moduli and strength 

values are particularly notable. 

 

2.5. Conclusions 

Thermoresponsive nanocomposite double network (DN) PNIPAAm hydrogels 

were prepared by introducing polysiloxane nanoparticles (~50 nm and ~200 nm) during 

formation of the 1st, tightly crosslinked network or the 2nd, loosely crosslinked network. 
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Nanoparticles were more readily incorporated during formation of the 1st network. 

Neither the DN matrix nor nanoparticles altered the convenient VPTT of conventional, 

single network (SN) PNIPAAm hydrogels. However, other key physical properties were 

enhanced. In the absence of nanoparticles, a DN hydrogel (i.e. DN) essentially 

maintained equilibrium swelling and reswelling kinetics but exhibited an increase in the 

extent and rate of deswelling as well as an increase in hydrogel stiffness and strength. 

Incorporation of polysiloxane nanoparticles into DN hydrogels further altered these 

properties depending on size and whether introduced during formation of the 1st or 2nd 

network. The DN hydrogels formed with ~200 nm polysiloxane nanoparticles in the 1st 

network (i.e. 200-1) exhibited exceptional properties. For 200-1, equilibrium swelling 

was dramatically enhanced as well as deswelling/reswelling kinetics.  Despite higher 

equilibrium swelling at RT, measured modulus and strength values surpassed that of the 

SN hydrogel (i.e. SN). 
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CHAPTER III  

ULTRA-STRONG THERMORESPONSIVE DOUBLE NETWORK HYDROGELS* 

3.1. Overview 

Thermoresponsive poly(N-isopropylacrylamide) (PNIPAAm) hydrogels are 

widely studied smart materials, particularly for biomedical applications, but are limited 

by their mechanical strength. In this study, double network (DN) hydrogels were 

prepared with an asymmetric crosslink design and inclusion of an electrostatic co-

monomer, 2-acrylamido-2-methylpropane sulfonic acid (AMPS). These P(NIPAAm-co-

AMPS)/PNIPAAm DN hydrogels were sequentially formed with a tightly crosslinked 1st 

network comprised of variable levels of AMPS (100:0 to 25:75 wt% ratio of 

NIPAAm:AMPS) and a loosely crosslinked 2nd network comprised of PNIPAAm. The 

impact of AMPS content in the 1st network on the volume phase transition temperature 

(VPTT), morphology, deswelling-reswelling kinetics and mechanical properties was 

evaluated. Without substantially altering the VPTT of conventional PNIPAAm 

hydrogels but with improving thermosensitivity, the DN hydrogel formed with 25:75 

wt% of NIPAAm:AMPS achieved exceptional strength, high modulus and high % strain 

at break. 

 

 

________________________ 
* Reprinted with permission from “Ultra-strong thermoresponsive double network hydrogels” by Fei R, 

George JT, Park J, Means AK, Grunlan MA, 2013. Soft Matter, 9, 2912-9, Copyright 2014 by the Royal 
Society of Chemistry. 
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3.2. Introduction 

In response to temperature change, thermoresponsive hydrogels reversibly switch 

from a water-swollen, hydrophilic state to a deswollen, hydrophobic state [39, 42]. 

Thermoresponsive hydrogels are prepared by crosslinking polymers that exhibit a lower 

critical solubility temperature (LCST) such as poly(N-isopropyl-acrylamide (PNIPAAm; 

LCST, ~ 32 C) [106].  Thermal modulation of PNIPAAm hydrogels above and below 

its volume phase transition temperature (VPTT, ~33-35 C) causes its reversible 

dewelling and reswelling, respectively [44, 45]. Because of its convenient VPTT, 

PNIPAAm hydrogels are particularly useful as smart materials for various biological 

applications [46], including: microfluidic actuation [48-50], separation [51, 52], 

controlled drug delivery [53-55], cell sheet tissue engineering [29, 56], anti-fouling 

coatings [58, 59, 107] and “self-cleaning” membranes for implanted biosensors [60-63].  

 Unfortunately, conventional PNIPAAm hydrogels prepared via copolymerization 

of N-isopropylacrylamide (NIPAAm) and a crosslinker such as N,N’-

methylenebisacrylamide (BIS) exhibit relatively poor mechanical properties in the 

swollen state [108, 109].  Improving the mechanical strength as well as stiffness (i.e. 

modulus) of PNIPAAm hydrogels would enhance their utility.  However, this must not 

be achieved to the detriment of thermosensitivity (i.e. rate and extent of deswelling and 

reswelling) which is already limited for crosslinked PNIPAAm hydrogels [70, 108]. This 

presents a significant challenge. For instance, the mechanical properties of PNIPAAm 

hydrogels are often compromised by strategies used to enhance the thermosensitivity 

(without altering the VPTT), including: comb-type networks [68, 69, 110], 
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heterogeneous morphologies [72, 73, 111, 112], poration [74-76] or open channel 

structures [78].  

 Interpenetrating polymer networks (IPNs) are comprised of two crosslinked 

networks held together by inter-network entanglements [113]. Although PNIPAAm 

IPNs exhibited enhanced mechanical properties, their swelling was decreased [96].  

Compared to conventional single network (SN) hydrogels or even IPN hydrogels, double 

network (DN) hydrogels display enhanced mechanical properties as well as a high 

degree of swelling [34, 35, 114]. A class of IPNs, DN hydrogels are comprised of a 

neutral and a polyelectrolyte network with one network more highly crosslinked than the 

other. Several DN hydrogel systems have been reported but none are thermoresponsive. 

The most extensively studied DN hydrogel system is that reported by Gong and co-

workers consisting of a tightly crosslinked, ionizable 1st network comprised of poly(2-

acrylamido-2-methylpropane sulfonic acid) (PAMPS) and a sparsely crosslinked, neutral 

2nd network comprised of poly(acrylamide) (PAAm) (i.e. PAMPS/PAAm) [92]. Other 

DN hydrogels include PAMPS/poly(N,N’-dimethylacrylamide) (PDMAAm) [94] and 

modified hyaluronan (HA)/PDMAAm [95]. Frank and co-workers have reported DN 

hydrogels based on neutral poly(ethylene oxide) (PEO) as the tightly crosslinked 1st  

network and ionizable poly(acrylic acid) (PAA) as the loosely crosslinked 2nd network 

(i.e. PEO/PAA DN) [93]. Recently, Frank and co-workers reported a pH- and 

temperature “dual responsive” PNIPAAm/PAA hydrogel system which is an IPN due to 

the constant level of crosslinking in the 1st and 2nd networks [115]. 
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 Of late, we have reported the first thermoresponsive PNIPAAm DN hydrogels 

[116]. These were comprised of a tightly crosslinked PNIPAAm 1st network and a 

loosely crosslinked PNIPAAm 2nd network. Optionally, colloidal polysiloxane 

nanoparticles (~50 and 200 nm diameters) were incorporated during formation of the 1st 

or 2nd network to form nanocomposite DN hydrogels. Compared to the conventional 

PNIPAAm SN hydrogel, the PNIPAAm DN hydrogel exhibited similar swelling but 

improved strength and modulus. Inclusion of nanoparticles improved thermosensitivity 

without altering the VPTT but did not significantly improve mechanical properties 

relative to the DN hydrogel.  

 In this work, we report the formation of P(NIPAAm-co-AMPS)/PNIPAAm DNs 

to achieve improved mechanical properties versus PNIPAAm SN or DN hydrogels but 

with a concomitant improvement in thermosensitivity. These DNs are comprised of 

tightly crosslinked, ionized 1st network [P(NIPAAm-co-AMPS)] and a loosely 

crosslinked, interpenetrating 2nd network [PNIPAAm]. While P(NIPAAm-co-AMPS) 

SN hydrogels have been previously reported their mechanical properties were not 

investigated [117]. AMPS is a strong electrolyte whose sulfonate groups completely 

dissociate over a wide pH range [118, 119]. In aqueous solution, polymers based on 

AMPS exhibit a marked coil expansion in aqueous solutions and networks are expanded 

[120]. This behavior is attributed to the strong electrostatic repulsive forces which give 

rise to an increase in osmotic pressure [118]. As a result, AMPS-containing SN 

hydrogels such as P(AAm-co-AMPS) exhibit enhanced swelling with increased AMPS 

content [118-121]. In addition, P(AAm-co-AMPS) DN hydrogels exhibit notably high 
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strength as well as modulus values [90, 92, 122, 123]. Thus, in this work, AMPS was 

utilized to impart these properties to this PNIPAAm-based DN system. 
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Figure 3.1. Schematic depiction of P(NIPAAm-co-AMPS)/PNIPAAm  double network (DN) 
hydrogels. Sequential formation of (a) 1st network (i.e. formation of single network, SN) and (b) 
subsequent formation of 2nd network (i.e. formation of DN).  Photograph of DN hydrogels: (c) 
discs punched from a sheet immediately following crosslinking of 2nd network and (d) after 
subsequently soaking in DI water for 48 hr. Per Table 3.1, DN hydrogels are denoted as “DN-
X%” where X% equals the wt% of AMPS in the 1st network. 
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Herein, P(NIPAAm-co-AMPS)/PNIPAAm DN networks were formed with a tightly 

crosslinked 1st network comprised of variable levels of AMPS (100:0 to 25:75 wt% ratio 

of NIPAAm:AMPS) and a loosely crosslinked 2nd network comprised of PNIPAAm. 

The VPTT, morphology, equilibrium swelling, deswelling-reswelling kinetics and 

mechanical properties were evaluated. 

 

3.3. Materials and Methods  

3.3.1. Materials 

N-isopropylacrylamide (NIPAAm, 97%) was obtained from Aldrich. 

Acrylamido-2-methylpropane sulfonic acid (AMPS, 97%) and N,N’-

methylenebisacrylamide (BIS, 99%) were purchased from ACROS. 1-[4-(2-

Notation 1st Networka  2nd Networkb 
 VPTT  Compressive Properties 

 wt% ratio 
NIPAAm:AM

PS 

mol% ratio 
NIPAAm:AM

PS 

 wt% ratio 
NIPAAm:A

MPS 

  To  
(C) 

Tmax 
(C) 

 Modulus 
(MPa) 

UCS  
(MPa) 

%strain 

at break 

             
SN-0% 100:0 100:0  100:0   32.0 33.9  0.081 ± 0.014 0.144 ± 0.012 57 ± 1 
DN-0% 100:0 100:0  100:0   32.4 34.0  0.188 ± 0.007 0.452 ± 0.056  52 ± 3 
DN-5% 95:5 97:3  100:0   31.6 33.4  0.192 ± 0.024 0.259 ± 0.029 40 ± 2 

DN-10% 90:10 94:6  100:0   31.5 33.1  0.277 ± 0.060 0.563 ± 0.026 52 ± 7 
DN-25% 75:25 85:15  100:0   30.9 32.8  0.341 ± 0.048 0.784 ± 0.004 46 ± 1 
DN-50% 50:50 65:35  100:0   31.5 33.0  0.311 ± 0.035 2.532 ± 0.314 73 ± 5 
DN-60% 40:60 55:45  100:0   31.5 33.0  0.303 ± 0.005 3.128 ± 0.545 71 ± 5 
DN-75% 25:75 38:62  100:0   31.6 32.9  0.085 ± 0.018 17.50 ± 2.986 95 ± 2 

awt%BIS: = 4%. bwt% BIS: 0.2% 

Table 3.1. Composition, VPTT and mechanical of SN and DN 

hydrogels 
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Hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-1-pro-pane-1-one (Irgacure 2959) was 

purchased from BASF.  

 

3.3.2. Preparation of single network (SN) hydrogels 

SN hydrogels (including those that serve as the 1st network of DN hydrogels) 

were prepared via in situ photocure of aqueous precursor solutions containing NIPAAm 

monomer, AMPS monomer (optional), BIS crosslinker, Irgacure-2959 photo-initiator 

and DI water (Figure 3.1a). In a 50-mL round bottom (rb) flask equipped with a Teflon-

covered stir bar, NIPAAm/AMPS (total weight equal to 1.0 g), BIS (0.04 g), and 

Irgacure (0.08 g) were dissolved in DI water (7.0 mL). The wt% ratio of NIPAAm to 

AMPS was systematically varied (Table 3.1).  

 Hydrogel sheets were prepared by pipetting the precursor solution into a 

rectangular mold formed by sandwiching polycarbonate spacers (1.5 mm thick) between 

two clamped glass microscope slides. The mold was submerged in an ice water bath (~7 

oC) and subjected to UV light (UV-Transilluminator, 6 mw/cm2, 365 nm) for 30 min. 

After removal from the mold, the hydrogel sheet was rinsed with DI water and then 

soaked in DI water for 2 days with daily water changes to remove impurities. Specimens 

used for analyses were taken from hydrogel sheets following soaking. 

 

3.3.3. Preparation of double network (DN) hydrogels 

The designated SN hydrogel (i.e. the 1st network) was soaked in a solution of 

NIPAAm (6.0 g), BIS (0.012 g), Irgacure-2959 (0.24 g), DI water (21 mL) for 24 hr. The 
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hydrogel sheet was then transferred to a rectangular mold (2.3 mm thick), photocured 

and purified as above (Figure 3.1b). Specimens used for analyses were taken from 

hydrogel sheets following soaking. 

 

3.3.4. Extent of crosslinking 

The percentage of uncrosslinked material (i.e. % extractables) in select hydrogels 

was determined by weight loss following soaking in dichloromethane (CH2Cl2). For a 

given hydrogel, three hydrogel discs (13 mm diameter, 1.5 mm thickness) were punched 

from a single hydrogel sheet with a die and dried in a vacuum oven [30 in. Hg, room 

temperature (RT), 24 hr] and weighed. Each dried disc was soaked in 10 mL of CH2Cl2 

for 24 hr and weighed after similarly drying in a vacuum oven. The % extractables was 

calculated as the average weight difference of the extracted versus unextracted weight 

divided by the unextracted weight. 

 

3.3.5. Volume phase transition temperature (VPTT) 

The VPTT of swollen hydrogels was determined by differential scanning 

calorimetry (DSC, TA Instruments Q100). Water-swollen hydrogels were blotted with a 

Kim Wipe and a small piece sealed in a hermetic pan. After cooling to -50 oC, the 

temperature was increased to 50 oC at a rate of 3 oC /min for 2 cycles. The resulting 

endothermic phase transition peak was characterized by the initial temperature at which 

the endotherm starts (To) and the peak temperature of the endotherm (Tmax). Reported 

data are from the 2nd cycle.  



 

 43  

 

3.3.6. Morphology 

Hydrogel discs (13 mm diameter) were punched from a hydrogel sheet. Discs 

were submerged in liquid nitrogen for 1 min and immediately freeze-dried (Labconco 

Freezone 2.5) overnight. Cross-sections were prepared by cutting with a clean razor 

blade.  Specimen cross-sections were subjected to Pt-sputter coating and viewed with a 

field emission scanning electron microscope (FEI Quanta 600 FE-SEM) at accelerated 

electron energy of 10 keV. 

 

3.3.7. Kinetic deswelling 

Three discs (13 mm diameter) were prepared as above. Each disc was placed in a 

sealed vial containing 20 mL DI water, immersed in a water bath for 24 hr at 22 oC to 

reach equilibrium (Ws) and quickly transferred into a 50 oC water bath. At 10, 20, 40, 80, 

120 and 180 min, each disc was removed, blotted with a Kim Wipe, immediately 

weighed (Wt) and returned to the vial for subsequent measurements. After 180 min, the 

discs were dried in a vacuum oven (30 in. Hg, 60 oC, 24 hr) and weighed (Wd). Water 

retention (WR) is defined as: WR = (Wt -Wd)/Ws. 

 

3.3.8. Kinetic reswelling 

Three discs (13 mm diameter) were prepared as above. Each disc was placed in 

an open vial, dried in a vacuum oven (30 in. Hg, 60 oC, 24 hr) and weighed (Wd). To 

each vial was added 20 mL DI water and the sealed vial immersed in a water bath at 22 
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oC. At 10, 20, 40, 80, 120, 200, 320, 450 and 640 min, each disc was removed, blotted 

with a Kim Wipe and weighed (Wt). Kinetic re-swelling ratio is defined as: SR = Wt/Wd. 

 

3.3.9. Dynamic mechanical analysis (DMA) 

Five discs (13 mm diameter) were prepared as above. DMA of the discs was 

performed in the compression mode with a dynamic mechanical analyzer (TA 

Instruments Q800) equipped with parallel-plate compression clamp with a diameter of 

40 mm (bottom) and 15 mm (top). The swollen disc was blotted with a Kim Wipe, 

clamped between the parallel plates and silicone oil placed around the exposed hydrogel 

edge to prevent dehydration. Following equilibration below the VPTT at 25 C (5 min), 

the specimens were tested in a multi-frequency-strain mode (1 to 25 Hz).  

 

3.3.10. Compression tests 

Three discs (6 mm diameter) were punched from a single sheet with a die. 

Compressive tests were performed with an Instron 3340 at RT. A swollen disc (6 mm 

diameter) was blotted with a Kim Wipe and clamped between the parallel plates with an 

initial pre-load force of ~0.5 N. Compressive strain was applied at a rate of 1 mm/min 

until the disc fractured. The following parameters were determined: (1) compressive 

modulus (E); (2) ultimate compressive strength (UCS), and (3) % strain at break. The 

modulus was obtained from the slope of the stress-strain curve from 0-10% strain [94].  
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3.4. Results and Discussion 

 3.4.1. Preparation of SN and DN hydrogels 

Conventional PNIPAAm SN hydrogels (SN-0%) were formed by 

photopolymerization of aqueous solutions containing NIPAAm and BIS crosslinker (4 

wt% based on NIPAAm weight) (Table 3.1). SN-0% served as a conventional 

PNIPAAm SN control for all analyses. In the case DN hydrogel fabrication, the 1st 

network (i.e. SN) was likewise formed but with the monomer being a combination of a 

varying ratio of NIPAAm:AMPS (100:0 to 25:75 wt%). Subsequent soaking of these 1st 

networks in the 2nd network solution comprised of NIPAAm and BIS crosslinker (0.2 

wt% based on NIPAAm weight) yielded the corresponding DN hydrogels (Table 3.1, 

Figure 3.1a & 3.1b). Per Table 3.1, DN hydrogels are denoted as “DN-X%” where X% 

equals the wt% of AMPS in the 1st network. DN-0% served as a PNIPAAM DN control 

for all analyses. The remaining DN hydrogels are comprised of a highly crosslinked, 

P(NIPAAm-co-AMPS) 1st network of varying amounts of ionized sulfonate groups and 

an interpenetrating, loosely crosslinked, neutral PNIPAAM 2nd network. 

 For P(NIPAAm-co-AMPS)/PNIPAAm DN hydrogels, a 25:75 wt% ratio of 

NIPAAm:AMPS was selected as the maximum level of AMPS in the 1st network. This 

was based on our observation that 1st networks (i.e. SNs) prepared with higher levels of 

AMPS produced poorly cured hydrogels. We verified that the 1st network used to 

eventually form DN-75% (i.e. NIPAAm:AMPS = 25:75 wt%) contained low levels of 

uncrosslinked material (2% extractables) (Table 3.2). However, 1st networks prepared 
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with 15:85 and 5:95 wt% of NIPAAm:AMPS indeed produced higher % extractables (4 

and 32%, respectively). 

 

Table 3.2.  Percent extractables of P(NIPAAm-co-AMPS) prepared with higher levels of AMPS. 
Notation 1st Networka  2nd Networkb  % Extractables 

 wt% ratio 

NIPAAm:AMPS 
mol% ratio 

NIPAAm: 

AMPS 

 wt% ratio 

NIPAAm:AMPS 
  

DN-65% 35:65 50:50  100:0  2.0  1.8 % 
DN-70% 30:70 44:56  100:0  0.3  0.6% 
DN-75% 25:75 38:62  100:0  2.0  2.4% 
DN-85% 15:85 24:76  100:0  3.9  0.1% 
DN-95% 5:95 9:91  100:0  32.2  16.7% 

 

 

All hydrogels were photocured at low temperatures (Tprep  

< 20 C) to obtain a homogeneous rather than a heterogeneous morphology [98, 99]. 

Immediately following cure, hydrogel discs were somewhat iridescent due to the 

presence of unreacted NIPAAm monomer (Figure 3.1c).  However, following soaking 

in DI water to remove impurities, all hydrogels were rather transparent which is 

consistent with homogeneous hydrogels (Figure 3.1d). Notably, the extent to which the 

freshly cured hydrogel discs swelled (i.e. increased in diameter) after soaking in DI 

water dramatically increased with higher levels of AMPS. This is attributed to the 

greater expansion of the 1st network due to a rise in electrostatic repulsive forces with 

AMPS levels which produces an increase in osmotic pressure [124]. 
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Figure 3.2a. DSC thermograms of hydrogels. 

Figure 3.2b. Hydrogel deswelling kinetics at 50 C 
(by mass). All scale bars = 50 m. 
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3.4.2. VPTT 

When heated above its VPTT, thermoresponsive PNIPAAm hydrogels deswell 

due to breaking of hydrogen bonds of surrounding water molecules and subsequent 

increase in hydrophobic interactions. As recorded by DSC, an endothermic peak 

accompanies this process and VPTT is defined in terms of the onset (To) and the 

maximum temperature (Tmax) of the endothermic peak [105, 125]. As expected for 

“PNIPAAm-only” hydrogels (i.e. SN-0% and DN-0%), there was not a significant 

change in the VPTT (Table 3.1, Figure 3.2a). Incorporation of a hydrophilic, anionic 

comonomer is generally associated with an increase in the VPTT [126]. Indeed, for 

P(NIPAAm-co-AMPS) SN hydrogels, VPTT was observed to increase with AMPS 

content [117]. We likewise observed this effect for select P(NIPAAm-co-AMPS) SN 

(i.e. 1st networks) (Figure 3.2b). However, for our P(NIPAAm-co-AMPS)/PNIPAAm 

DN hydrogels, the VPTT was slightly decreased (~1 oC for Tmax) versus that of SN-0% 

and DN-0%, irrespective of AMPS content in the 1st network. Thus, the “PNIPAAm-

only” 2nd network exhibits at PNIPAAm hydrogel-like VPTT despite the presence of a 

P(NIPAAm-co-AMPS) 1st network. The slightly lower VPTT values are attributed to the 

PNIPAAm 2nd networks’ lower crosslink density [127]. 
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3.4.3. Morphology 

Hydrogel morphology was studied by SEM. Specimens were prepared with 

freeze-drying as this is known to preserve the structure and volume of swollen hydrogels 

even after all (or almost all) of the solvent is removed [128]. The pore size of DN 

hydrogels increased substantially as the AMPS content was increased in the 1st network 

DN-5% DN-10%

DN-25% DN-50%

DN-60% DN-75%

SN-0% DN-0%

Figure 3.3. SEM micrographs of hydrogels. All scale 
bars = 50 µm. 
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(Figure 3.3). This observation is consistent with the corresponding increase in hydrogel 

dimension when allowed to swell in water (Figure 3.1d). 
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3.4.4 Kinetic deswelling/reswelling  

For release and delivery applications, PNIPAAm-based hydrogels should exhibit 

a rapid and extensive response to thermal modulation (i.e. thermosensitivity). The 

thermosensitivity of hydrogels were determined by measuring the rate and extent to 

which they deswelled at 50 ºC (> VPTT) (Figure 3.4) and  subsequently re-swelled at 22 

ºC (< VPTT) (Figure 3.5). 

 DN-0% exhibited an enhanced rate and extent of deswelling versus SN-0% due to 

the former’s asymmetrically crosslinked network structure and larger pore size which 

permitted a greater collapse (Figure 3.4) [116]. Thermosensitivity was dramatically 

improved for DN-5%. However, as AMPS levels were further increased in the 1st 

network, deswelling systematically decreased. Thus, as AMPS levels were increased 

(beyond a 95:5 wt% ratio of NIPAAm:AMPS), the increase in electrostatic forces 

appeared to inhibit the ability of the hydrogel to collapse when heated above the VPTT. 

Still, DN-75% exhibited enhanced deswelling behavior versus SN-0% and DN-0%. 

When the deswollen specimens were reswollen, DN-0% and  

SN-0% exhibited similar thermosensitivity. As AMPS levels were systematically 

increased in the 1st network, the P(NIPAAm-co-AMPS)/PNIPAAm DN hydrogels 

exhibited an increased rate and extent of reswelling (Figure 3.5). In contrast to 

deswelling, increased electrostatic forces (i.e. increased AMPS) enhances electrostatic 

repulsive forces to facilitate re-expansion and reswelling of the network via an increase 

in osmotic pressure [124]. 
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3.4.5. Mechanical properties 

 The ability of PNIPAAm-hydrogels to withstand mechanical forces both in vitro 

and in vivo is critical to their utility. An increase in hydrogel swelling ratio is typically 

associated with an decrease in strength and modulus [65]. Thus, the swelling ratio (SR) 

of the hydrogel specimen must be considered when evaluating measured mechanical 

properties. Here, the SR of specimens subjected to mechanical tests may be considered to 

be that recorded at time = 640 min (Figure 3.5).   

 DMA was used to measure hydrogel stiffness in terms of the storage modulus 

(G’) as a function of frequency of the applied compressive strain (Figure 3.6). Despite 

having a similar SR, G’ of DN-0% was nearly twice that of SN-0% due former’s 

asymmetrically crosslinked network [105]. G’ generally increased as the AMPS levels 

were increased in the 1st network up to ~50:50 wt% ratio of NIPAAm:AMPS (i.e. DN-

50%). However, higher levels of AMPS produced a decrease in G’. Likewise, during 

quasi-static compression tests, the compressive modulus (E) was observed to increase 

with AMPS content in the 1st network before decreasing again (Table 3.1, Figure 3.7). 

This modulus trend has also been previously observed for the P(AAm-co-AMPS) SN 

[129] and P(DMAAm-co-AMPS) SN [130] hydrogels. It has been proposed that, beyond 

a certain level of AMPS, the effective crosslink density of the network is decreased due 

to a high concentration of electrostatic forces (i.e. AMPS content) which produce a 

highly extended chain conformation [129]. This reduction in the effective crosslink 

density leads to a decrease in modulus. Still, the E value of ~0.3 MPa for DN-25% and 

DN-50%  is notable and similar to that observed for PAMPS/PAAm DN hydrogels [92]. 
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Compression tests also were also used to measure hydrogel ultimate compressive 

strength (UCS) (Table 3.1, Fig. 3.8).  UCS of DN-0% was over three times greater than 

that of SN-0% due former’s asymmetrically crosslinked network [105]. For DN-5%, 

UCS decreased somewhat. However, as AMPS levels in the 1st network was increased 

from 90:10 to 40:60 wt% (NIPAAm:AMPS), UCS steadily increased. Most noteworthy 

was the exceptional UCS (~17.5 MPa) achieved by DN-75%. This is particularly 

significant given its SR of ~11.5 (i.e. a weight increase of 11.5X versus the dry state) 

(Figure 3.5). The UCS of DN-75% is similar to that of PAMPS/PAAm DN hydrogels 

(~17.2 MPa) whose strength has been attributed a 1st network which, by itself, is quite 

brittle, but whose crack propagation is prevented by a loosely crosslinked 2nd network 

which effectively dissipates stress [34, 92, 131]. The %strain at break of DN-75% (95%) 

was also the highest for this series of hydrogels. 
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3.5. Conclusions 

To summarize, P(NIPAAm-co-AMPS)/PNIPAAm DN hydrogels were produced 

from a tightly crosslinked 1st network comprised of variable levels of AMPS (100:0 to 

25:75 wt% ratio NIPAAm:AMPS) and a loosely crosslinked 2nd network comprised of 

PNIPAAm. For all of these DN hydrogels, their VPTT was only slightly decreased (~1 

C) versus the “all PNIPAAm” SN-0% and DN-0%. Thus, the 2nd PNIPAAm network 

effectively dominated the VPTT process.  As the AMPS content increased in the 1st 

network, the pore size of the DN hydrogels increased substantially and produced 

enhanced water uptake and swollen gel dimensions. All P(NIPAAm-co-

AMPS)/PNIPAAm DN hydrogels exhibited enhanced thermosensitivity versus SN-0% 

and DN-0%. While increased electrostatic repulsive forces with AMPS content resulted 

in a systematic reduction in the extent and rate of deswelling, re-swelling behavior was 

enhanced. Consistent with that observed for other polyelectrolyte networks, the modulus 

of P(NIPAAm-co-AMPS)/PNIPAAm DN hydrogels initially increased with AMPS 

content but then decreased. UCS steadily increased with AMPS content, reaching an 

impressive 17.5 MPa for DN-75% (i.e. 25:75 wt% NIPAAm:AMPS in the 1st network). 

The combined properties of the ultra-strong DN-75% (UCS = 17.5 MPa), including a 

high modulus (E = 0.085 MPa) and strain at break (95%), distinguishes it from 

conventional thermoresponsive PNIPAAm SN hydrogels.  
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CHAPTER IV  

THERMORESPONSIVE DOUBLE NETWORK MICROPILLARED HYDROGELS 

FOR CONTROLLED CELL RELEASE* 

 

4.1. Overview 

Thermoresponsive poly(N-isopropylacrylamide) (PNIPAAm) hydrogels have 

been widely used for controlled cell detachment. In this study, cell release is enhanced 

via deswelling with a two-pronged approach combining a double network (DN) design 

and micropatterning. PNIPAAm hydrogels are prepared as DN comprised of a tightly 

crosslinked 1st network and a loosely crosslinked 2nd network. Moreover, the PNIPAAm 

DN hydrogels are prepared as both planar 1.5 mm-thick slabs as well as micropillar 

arrays (~200 µm pillar diameter). Compared to the corresponding conventional single 

network (SN) hydrogels, DN hydrogels exhibit enhanced thermosensitivity and cell 

release efficiency, particularly for the micropillar arrays. 

4.2. Introduction 

Thermoresponsive poly(N-isopropylacrylamide) (PNIPAAm) hydrogels exhibit a 

reversible volume phase transition from a swollen, hydrophilic state to a deswollen, 

hydrophobic state when heated above its volume phase transition temperature (VPTT, 

~33-35 ºC) [39, 40]. 

________________________ 
* Reprinted with permission from “Thermoresponsive double network micropillared hydrogels for 

controlled cell release” by Fei R, George JT, Park J, Grunlan MA, 2014. Macromolecular Bioscience, 
14, 1346-52, Copyright 2014 by Wiley-VCH Verlag GmbH & Co. KGaA. 
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Thus, PNIPAAm hydrogels have been studied for thermally-modulated cell-

release applications, including cell sheet tissue engineering [29, 132, 133], anti-fouling 

coatings [33, 107] and “self-cleaning membranes” for implanted biosensors [41, 62, 

134]. Cell-release may occur either via a swelling [29, 33, 107, 132, 133] or deswelling-

induced mechanism [41, 62, 134]. For instance, cell sheets cultured at 37 ºC (T > VPTT) 

were recovered without enzymatic digestion via swelling-release by lowering the 

temperature below the VPTT [29, 132, 133]. When designed as a membrane to permit 

glucose diffusion in the swollen-state, cell-release was afforded via a dewelling 

mechanism [41, 62, 134]. 

Improving the efficacy of cell-release critically rests on enhancing the 

thermosensitivity (i.e. rate and extent deswelling or swelling). Conventional PNIPAAm 

“single network” (SN) hydrogels prepared via copolymerization of N-

isopropylacrylamide (NIPAAm) and a crosslinker such as N,N’-methylenebisacrylamide 

(BIS) exhibit limited thermosensitivity [70, 108]. Unfortunately, strategies to enhance 

thermosensitivity (without altering the VPTT) are typically associated with reduced 

mechanical strength and stiffness, including: heterogeneous morphologies [71-73, 112], 

comb-type networks [70, 135, 136] and poration [74-76, 137]. Other strategies rely on 

chemical modification of the PNIPAAm network to render it more hydrophilic in order 

to reduce the formation of a dense “skin” layer that inhibits water diffusion [138]. 

However, copolymerization of NIPAAm with a hydrophilic comonomer is known to 

increase the VPTT of the resulting hydrogel [126, 139, 140] which may be undesirable. 

For instance, the copolymerization of NIPAAm with 2-carboxyisopropyl acrylamide 
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(CIPAAm) [141, 142] as well as incorporation of poly(ethylene glycol) (PEG) grafts 

[143] enhanced swelling-driven cell-release but with a concomitant increase in the 

VPTT.  

In this work, a DN hydrogel design was used to enhance thermosensitivity of 

PNIPAAm in order to increase cell-release via thermally-induced deswelling. A type of 

interpenetrating polymer network (IPN), DN hydrogels are distinguished by their 

asymmetrically crosslinked network [35, 90]. Reports of DN hydrogels have largely 

focused on systems which are non-thermoresponsive [34, 35, 91-94, 144]. While 

PNIPAAm IPNs have been reported and displayed enhanced mechanical properties, their 

swelling was diminished [96]. In contrast, we recently prepared a PNIPAAm DN 

hydrogel and compared their properties to the analogous SN hydrogel [116]. The VPTT 

of the DN hydrogel was not altered versus that of the SN hydrogel but the modulus was 

nearly doubled. Moreover, we observed the PNIPAAm DN hydrogel essentially 

maintained equilibrium swelling and reswelling kinetics, but enhanced the extent and 

rate of deswelling.  

Herein, to further enhance thermosensitivity and deswelling-induced cell release 

efficiency, PNIPAAm DN hydrogels were also formed as micropillar arrays.  As noted 

above, PNIPAAm SN hydrogels formed as mm-thick planar slabs exhibit limited 

thermosensitivity. While the PNIPAAm DN design improves thermosensitivity,[116] 

reduction of hydrogel size to the micron-scale takes advantage of the fact that kinetics of 

deswelling/reswelling are proportional to the square of the smallest dimension [145, 
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146]. Given this, PNIPAAm SN hydrogels have been prepared as micron-scale pillars 

and their thermosensitivity and cell-release behavior evaluated [147-150].   

Herein, PNIPAAm DN hydrogels were formed with a bulk planar and 

micropillar arrays. Their thermosensitivity and deswelling-release of mesenchymal 

progenitor cells (10T1/2) was evaluated and compared to the corresponding SN 

hydrogels. 

 

4.3. Materials and Methods 

4.3.1. Materials 

N-isopropylacrylamide (NIPAAm, 97%) was obtained from Aldrich. N,N’-

methylenebisacrylamide (BIS, 99%) was purchased from ACROS. 1-[4-(2-hydroxy)-

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

BASF. Dulbecco’s modified eagle medium (DMEN), Dulbecco’s phosphate-buffered 

solution (DPBS, pH = 7.4, without calcium and magnesium) and 

penicillin/streptomycin/amphotericin were obtained from Life Technologies (Carlsbad, 

CA). 1X Phosphate-buffered saline (PBS, pH 7.4) was obtained from Mediatech Inc. 

(Manassas, VA). Fetal bovine serum (FBS) was obtained from Hyclone (Logan, UT). 

Mesenchymal progenitor cells (10T1/2) were obtained from the American Type Culture 

Collection (ATCC, Manassas, VA). Lactate dehydrogenase (LDH) cytotoxicity assay kit 

was obtained from Pierce (Rockford, IL).  Rat dermal fibroblast cells and growth 

medium were purchased from Cell Applications Inc. (San Diego, CA). 
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4.3.2. Preparation of hydrogel aqueous precursor solutions 

SN hydrogels (including those that serve as the 1st network in DN hydrogels) 

were prepared via in situ photocure of aqueous precursor solutions containing NIPAAm 

monomer, BIS crosslinker, Irgacure-2959 photoinitiator and distilled (DI) water. In a 50 

mL round bottom (rb) flask equipped with a Teflon-covered stir bar, NIPAAm (total 

weight equal to 1.0 g), BIS (0.04 g) and Irgacure (0.08 g) were dissolved in DI water 

(7.0 mL). DN hydrogels were prepared by soaking the SN hydrogel (i.e. the 1st network) 

in a solution of NIPAAm (6.0 g), BIS (0.012 g), Irgacure-2959 (0.24 g) and DI water. 

 

4.3.3. Preparation of SN and DN planar hydrogels 

Planar hydrogel sheets were prepared by pipetting the SN precursor solution into 

a rectangular mold formed by sandwiching polycarbonate spacers (1.5 mm thick) 

between two clamped glass microscope slides. The mold was submerged in an ice water 

bath (~7 ºC) and subjected to UV light (UV-transilluminator, 6 mW/cm2, 365 nm) for 30 

min. After removal from the mold, the hydrogel sheet was rinsed with DI water and then 

soaked in DI water for 2 days with daily water changes to remove impurities. Specimens 

used for analyses were taken from hydrogel sheets following soaking. 
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4.3.4. Preparation of SN and DN hydrogel micropillar arrays 

SN and DN micropillars were patterned by combining photolithography and a 

photomask. Hydrogel micropillar arrays were formed onto glass slides (i.e. substrates) 

previously cleaned with Piranha solution (H2O2:H2SO4 = 1:3 v/v; WARNING: Piranha 

solution should be handled with extreme caution.) for 30 min followed by thorough 

washing with DI water and drying under a stream of N2. Poly(methyl methacrylate) 

(PMMA) slides were cleaned with isopropanol and DI water followed by drying with 

N2. The glass slide (top) and PMMA slide (bottom) were separated by a 180 µm thick 

PMMA spacer (previously cleaned with isopropanol and DI water) that defined the 

height of the micropillars. A photolithography mask with circular patterns (diameter: 

200 µm; center to center spacing: 300 µm; total area: 3.2 mm2) was placed on top of the 

Piranha-cleaned glass slide side of the sandwiched structure. The SN precursor solution 

was injected in the space between the glass slide and PMMA slide, the sandwiched 

structure immersed in an ice water bath (7 ºC) for ~2 min and finally exposed to UV 

light (Omnicure Series 1000, 15 mW cm-2, 365 nm; Plano, TX) for 90 sec. The spacer 

was removed and the glass slide with the attached SN hydrogel micropillar array was 

soaked in DI water. 

The corresponding DN hydrogel micropillar array was prepared as follows. First, 

the SN micropillar array (formed onto the glass slide) was allowed to air dry (3 hr). 

Next, 200 µL of the DN precursor solution was delivered via syringe onto the SN 

micropillar array such that it was fully covered. After incubating in a humidity chamber 

for 1 hr, the array was thoroughly rinsed with DI water. The resulting glass slide bearing 
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the array structure was then covered with a PMMA slide and a spacer placed in between 

the two slides and exposed again with the UV light source for 90 sec (without a 

photomask).  

 

4.3.5. Imaging of hydrogel micropillar arrays 

The morphology of micropillars was studied by scanning electron microscopy 

(SEM). The air-dried micropillars were subjected to Pt-sputter coating and viewed with a 

field emission SEM (FEI Quanta 600) at accelerated electron energy of 10 keV. 

 

4.3.6. Temperature-modulated deswelling and reswelling  

The dynamic deswelling and reswelling of SN and DN hydrogel micropillars was 

quantified by measuring pillar diameter during thermal cycling. A glass substrate 

containing a hydrogel micropillar array was placed on top of a thermal heater with a 

thermal ribbon sensor (Minco Inc., Midway, TN) and temperature was regulated by a 

thermostat (CT16A2, Minco Inc.). Each micropillar array was carefully covered with DI 

water via pipette. Micropillar deswelling and reswelling was analyzed during continuous 

thermal cycling above and below the VPTT, respectively, as follows. After 15 min (or 

when the diameter of the micropillars became constant), the temperature was increased 

from ~26 ºC to 50 ºC at a rate of 1.02 ºC/sec and subsequently immediately cooled at a 

rate of 0.03 ºC/sec. Micropillar diameter was continuously recorded with a microscope 

(ECLIPSE LV 100D, Nikon Inc. Melville, NY) equipped with a CCD camera. Videos 
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were taken at a rate of 0.2 fps. Average diameters and standard deviations were 

calculated based on six randomly chosen pillars on each frame. 

 

4.3.7. Cytocompatibility 

DN hydrogel cytocompatibility was evaluated by measuring LDH concentrations 

released by rat dermal fibroblast cells 24 h after cell seeding versus that of 

cytocompatible control, tissue culture plastic (i.e. polystyrene, PS). A planar DN 

hydrogel sheet was prepared as described above. Three 6 mm discs were punched from 

the sheet and then sterilized by immersion in 80% EtOH for 45 min. The hydrogel discs 

were then washed 3X (30 min each) with sterile PBS, submerged in PBS for 24 hr, and 

subsequently transferred to a sterile 24-well plate. Next, rat dermal fibroblast cells 

suspended in rat fibroblast growth medium, were seeded onto each hydrogel disc and 

also into the empty tissue culture plastic wells at a concentration of ~6500 cells cm-2. 

Cells were allowed to incubate for 24 hr at ~37 oC with 5% CO2. Finally, the media from 

each well was extracted and assessed for LDH level per the manufacture’s protocol. The 

relative LDH activity was calculated by normalizing DN sample absorption to that of 

PS.   

 

4.3.8. Cell preparation 

Cryopreserved 10T1/2 cells were thawed and expanded in monolayer culture in 

accordance with ATCC protocols. Until the time of harvest, the cells were maintained at 
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37 ºC/5% CO2 in DMEM supplemented with 10% heat-inactivated FBS, 100 U/mL 

Penicillin, 100 g/L streptomycin, and 250 µg/L amphotericin (1% PSA).  

 

4.3.9. Temperature-dependent cell release behavior 

SN and DN planar hydrogels and micropillar arrays were soaked in PBS (2 days) 

and then sterilized by sequential UV-irradiation (1 hr), soaking in 70% EtOH (1hr) and 

rinsing three times (15 min each) with DPBS supplemented with 1% PSA.  Next, 

hydrogels were coated with DMEM supplemented with 40% FBS and antibiotics (PSA) 

for 1 hr at 30 ºC (< VPTT) (i.e. hydrogel in the swollen state). Afterwards, the media was 

removed and 10T1/2 cells (suspended in fresh media containing 10% serum) were 

seeded onto each hydrogel surface at ~25,000 cells/cm2 (for planar hydrogels) and 

~250,000 cells/cm2 (for micropillar arrays). After incubation at 30 ºC for 5 hr (for planar 

hydrogels) and 3 hr (for micropillar hydrogels), specimens were transferred to a Zeiss 

Axiovert A200 microscope (Carl Zeiss, Germany) equipped with a plate incubation 

chamber pre-heated to 30 ºC via a temperature controller (Carl Zeiss, Germany). The 

chamber temperature was increased at a rate of ~2 ºC/min to 35 ºC (> VPTT) for planar 

hydrogels and 37 ºC (> VPTT) for micropillars in order to induce deswelling. After  
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equilibration at 35 or 37 ºC for 5 min, hydrogels were air-cooled at ~2 ºC/min to 30 ºC in 

order to induce reswelling. Sequential heating and cooling cycles were immediately 

repeated with images captured at the initial swollen (< VPTT) and final deswollen (> 

VPTT) states until cells were released from the hydrogel surface. For SN and DN 

micropillars, three different arrays of each were analyzed. 

 

 4.4. Results and Discussion 

 4.4.1. SEM images of SN and DN hydrogel micropillars  

The gross morphology of the micropillar arrays was evaluated by SEM (Figure 

4.1). Both individual SN and DN micropillars (~200 µm diameter) were well-shaped and 

separated from each other. Perhaps due to the enhanced modulus of DN hydrogels [116], 

individual DN micropillars were better able retain a superior pillar shape. On average, 

SN and DN micropillar arrays showed similarly low occurrence of micropillar 

imperfections (e.g. missing pillars). 
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4.4.2. Temperature-modulated deswelling and reswelling 

The optically clear appearance of planar and micropillared SN and DN hydrogels 

is consistent with a homogeneous morphology [72, 98, 151]. In a previous report, 

likewise prepared SN and DN planar hydrogels (1.5 mm thick) exhibited similar VPTT 

values [116]. Measured by differential scanning calorimetry (DSC), the onset (To) and 

maximum temperature (Tm) endothermic peak of the VPTT values were approximately 

32.2 and 34.0 ºC, respectively [116]. Versus SN planar hydrogels, planar DN hydrogels 

essentially maintained equilibrium swelling and reswelling kinetics but displayed an 

increase in the rate and extent of deswelling [116]. In this present work, the 

200 µm 1 mm 

200 µm 
1 mm 

Figure 4.1. SEM images of SN hydrogel micropillar array (top 
row) and DN hydrogel micropillar array (bottom row). 
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thermosensitivity of micropillared DN hydrogels was compared to analogous SN 

hydrogels in terms of the rate and extent of diameter change during thermal cycling 

(Figure 4.2). Upon heating to 50 C (> VPTT), both the SN and DN micropillars 

decreased in diameter due to dewelling (Figure 4.2a and b, respectively). However, the 

DN micropillars deswelled to a greater extent (i.e. greater % shrinkage) and at a faster 

rate (Figure 4.2c). Rewelling of the DN micropillars was likewise improved. Thus, 

compared to the analogous SN hydrogels, the enhanced thermosensitivity observed for 

planar DN hydrogels [116] is also observed for DN hydrogel micropillar.  

 

4.4.3. Temperature-dependent cell release behavior 

The non-cytoxicity of the DN hydrogel was verfied via LDH activity assays 

(Supporting Information). No statistical difference in normalized levels of exogeneous 

LDH activity was observed for the DN hydrogel versus the tissue culture plastic. 

 

4.4.4. Temperature-dependent cell release behavior 

The efficacy of thermally-driven cell-release was evaluated in terms of both a  
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DN hydrogel design and micropatterning. Following thermal cycling, cell morphology 

was used as an indicator of cell attachment versus detachment. First, with respect to the 

DN hydrogel design strategy, cell-release from SN and DN planar hydrogels (1.5 mm 

thick) were compared. After seeding and incubation of cells (10T1/2) on planar 

hydrogels at 30 C, the temperature was increased to 35 C (> VPTT) to invoke 

deswelling and decreased back to 30 C for reswelling. After two consecutive thermal 

cyles, cells on the planar SN hydrogel maintained a spread morphology, indicative of 

sustained attachment. (Figure 4.3a and 4.3b). 

In contrast, cells on the planar DN hydrogel surface exhibited a round 

morphology indicative of end stages of detachment (Figure 4.3d), which is not caused 

by its cell compatibility (Figure 4.4). Our previous observations of the enhanced 

thermosensitivity (i.e. faster and greater volume change during deswelling/reswelling) of 

planar DN versus SN hydrogels is consistent these results.  
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Figure 4.2. (a) Deswelling of SN micropillars, (b) 
deswelling of DN micropillars, (c) % of shrinkage (i.e. 
reduction of diameter) during thermal cycling. 
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Sample Group na
 DN nSN nSN/nDN 

1 3 5 1.7 
2 5 7 1.4 
3 5 9 1.8 
Average 4.3 7.0 1.6  

Figure 4.3. Deswelling-release of cells from planar (1.5 
mm thick) SN and DN PNIPAAm hydrogel upon thermal 
cycling from 30 ºC (T < VPTT) to 35 ºC (T > VPTT) for 
two cycles. (a) SN at 30 ºC [1st cycle], (b) SN at 35 ºC 
[2nd cycle], (c) DN at 30 ºC [1st cycle], (d) DN at 35 ºC 
[2nd cycle]. The round morphology observed for the DN 
hydrogel (d) is indicative of cell detachment. 

Table 4.1. The number of thermal cycles for cell release 
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Second, the effectiveness of the micropatterning strategy was assessed by 

examining cell-release from micropillared SN versus DN hydrogels. After seeding and 

incubation, it was observed that cells attached and proliferated along the sides of and in 

between swollen micropillars, but not on the “tops” of the micropillars. This may result 

from possibly curved tops of the micropillars. Micropillar hydrogels were subjected to 

continuous cyclical deswelling and reswelling, respectively, by heating above and 

cooling below the VPTT until the cell sheet completely detached such that it floated 

across the deswollen pillars (Figure 4.5). The number of cycles neccessary to cause  
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Figure 4.4. Relative LDH activity after 24 h for DN and 
polystyrene (PS) inoculated with rat dermal fibroblast 
cells. 
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detachment of the sheet was recorded based on three sample groups (i.e. 3 different 

micropillar arrays) (Table 4.1). For the case of the SN micropillars, an average of 7 

thermal cycles were required to cause cell detachment (Figure 4.5a and b). In contrast, 

only an average of ~4 thermal cycles were required to detach cells from the DN 

micropillars (Figure 4.5c and d). Thus, cell detachment from DN hydrogel micropillars 

occured 1.6X faster versus from SN hydrogel miscropillars. The enhanced cell release of 

DN hydrogel micropillars is attributed to its enhanced thermosensitivity afforded by the 

DN. 

 

 

Figure 4.5. Deswelling-release of cells from micropillar 
arrays upon thermal cycling from 30 ºC (T < VPTT) to 
37 ºC (T > VPTT) for multiple cycles. (a) SN at 30 ºC 
[1st cycle], (b) SN at 37 ºC [5th cycle], (c) DN at 30 ºC 
[1st cycle], (d) DN at 37 ºC [3rd cycle]. Cells floating 
above the pillars are considered a “complete release.” 
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4.5. Conclusions 

Improving the efficacy of thermally-driven cell release from PNIPAAm 

hydrogels is essential to realizing their potential in various applications. In this work, a 

two-pronged approach combining a DN design and micropatterning was employed to 

enhanced cell detachment from PNIPAAm hydrogels via deswelling release. Owing to 

the asymmetrically crosslinked, interpenetrating network structure and resulting 

enhanced thermosensitivity, planar (1.5 mm thick) DN hydrogels exhibited increased 

cell release efficiency versus analogous SN hydrogels. DN hydrogels prepared as 

micropillared arrays (~200 µm diameter) demonstrated enhanced thermosensitivity in 

terms of both the rate and extent of deswelling and reswelling when cycled above and 

below the VPTT, respectively. As a result, cell release was 1.6X more efficient (based 

on the total number of cycles required to detach the cell sheet) from DN hydrogel 

micropillars versus SN hydrogel micropillars.  
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CHAPTER V  

P(NIPAAM-CO-AMPS)/PNIPAAM MEMBRANE FOR EXTENDING THE 

LIFETIME OF AN IMPLANTED GLUCOSE BIOSENSOR 

5.1 Introduction 

Membrane biofouling severely limits the lifetime and sensitivity of subcutaneous 

or transdermal glucose biosensors [7, 9]. Passive or “antifouling” membranes have 

largely been studied, including those based on poly(ethylene glycol)diacryalate (PEG-

DA) [14], polyhydroxyethylmethacrylate (PHEMA) [21] and polytetrafluoroethylene 

(PTFE) [18]. Recently, our group has proposed the use of “self-cleaning membranes” 

based on poly(N-isopropylacrylamide) (PNIPAAm) hydrogels that rely on an active or 

“foul-releasing” mechanism to physically remove attached cells [41, 62, 134].  

Thermoresponsive PNIPAAm hydrogels deswell and reswell, respectively, when heated 

above and cooled below their volume phase transition temperature (VPTT, ~33-35 C) 

[39, 42]. Because of this behavior, PNIPAAm hydrogels have been studied for 

thermally-modulated, in vitro cell-release applications, including cell sheet tissue 

engineering [29, 132, 133] and anti-fouling coatings [33, 107]. To extend the utility of 

PNIPAAm hydrogels as self-cleaning membranes for implanted glucose biosensors, 

several key functional requirements must be met, including: satisfactory glucose-

diffusion (for sensor functionality), thermosensitivity (for cell release) as well as robust 

mechanical properties (for surgical insertion and removal).  
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Previously, we reported a thermoresponsive PNIPAAm double network 

nanocomposite (DNNC) hydrogel membrane comprised of an interpenetrating, 

asymmetrically crosslinked PNIPAAm matrix with polysiloxane nanoparticles (~200 nm 

diameter) embedded during the formation of the 1st network [152]. Thermosensitivity 

(i.e. rate and extent of deswelling/reswelling) was improved for the DNNC hydrogel 

versus a conventional single network (SN) PNIPAAm hydrogel. In addition, the VPTT 

of the DNNC membrane was increased to ~38 C by the inclusion of 1-2 wt% of N-

vinylpyrrolidone (NVP) comonomer (based on NIPAAm wt) [41]. In this way, when 

implanted in the subcutaneous tissue of the wrist (T = 35 C), the membrane would be 

swollen in the “off-state” to optimize glucose diffusion. During self-cleaning (i.e. in the 

“on-state”), the membrane would deswell via transdermal heating. Later, we determined 

glucose diffusion kinetics of the DNNC membrane as well as evaluated thermally driven 

in vitro cell release [41]. However, while the DNNC membrane was more mechanically 

robust versus SN PNIPAAm hydrogels [152], improved strength is expected to be 

valuable for membrane functionality. 

More recently, we reported thermoresponsive double network (DN) hydrogels 

based on NIPAAm and 2-acrylamido-2-methylpropane sulfonic acid (AMPS) [116]. 

Gong and co-workers previously reported an ultra-strong DN hydrogel consisting of a 

tightly crosslinked, ionizable 1st network comprised of PAMPS and a loosely 

crosslinked, interpenetrating neutral 2nd network comprised of polyacrylamide (PAAm) 

(i.e. PAMPS/PAAm) [92]. However, while this DN system achieved exceptional 

strength, it is not thermoresponsive. Thus, we prepared DNs comprised of a tightly 
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crosslinked, ionized 1st network [P(NIPAAm-co-AMPS)] and a loosely crosslinked, 

interpenetrating 2nd network [PNIPAAm]. By incorporation of varying levels of AMPS 

in the 1st network (i.e. 0:100 to 75:25 wt% ratio of AMPS:NIPAAm), the 

thermosensitivity was improved versus that of PNIPAAm SN as well DN (i.e. no 

AMPS) hydrogels. Moreover, compressive strength steadily increased with AMPS 

content, reaching an impressive 17.5 MPa. 

In this study, we evaluated the utility of P(NIPAAm-co-AMPS)/PNIPAAm DN 

hydrogels as a self-cleaning membranes for an implanted glucose biosensor. The wt% 

ratio of AMPS:NIPAAm was systematically increased from 0:100, 25:75, 50:50 to 

75:25. To meet the specific demands of a subcutaneously implanted glucose biosensor, 

several critical functional properties were addressed. First, the VPTT was raised to  

~38 C with the addition 2 wt% of NVP to the 2nd network precursor solution. Second, 

the glucose diffusion kinetics of these membranes were experimentally measured in both 

the swollen and deswollen states. Third, a cylindrical membrane geometry (1.5 x 5 mm, 

diameter x length) thought to be suitable for implantation was used to model the glucose 

diffusion lag time. Finally, cylindrical membranes were used to observe the deswollen 

and reswollen diameter changes. Non-cytotoxicity was also confirmed. Results were 

compared to that of the DNNC membrane [41] and to a non-thermoresponsive PEG-DA 

control. 
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5.2 Materials and Methods 

5.2.1. Materials 

N-isopropylacrylamide (NIPAAm, 97%), PEG-DA (MW 575 g/mol), and 1-

vinyl-2-pyrrolidinone (NVP) were obtained from Aldrich. Acrylamido-2-methylpropane 

sulfonic acid (AMPS, 97%) and N,N’-methylenebisacrylamide (BIS, 99%) were 

purchased from ACROS. 2-Hydroxy-2-methyl-1-phenyl-1-propanone (Darocur 1173) 

was purchased from Ciba Specialty Chemicals (Tarrytown, NY). 1-[4-(2-

Hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-1-pro-pane-1-one (Irgacure 2959) was 

purchased from BASF. Rat dermal fibroblast cells and growth medium were obtained 

from Cell Applications (San Diego, CA). Lactate dehydrogenase (LDH) cytotoxicity 

assay kit was obtained from Pierce (Rockford, IL). Phosphate-buffered saline (PBS, 1X , 

pH 7.4) was obtained from Mediatech Inc. (Manassas, VA).  

 

5.2.2. Preparation of non-thermoresponsive PEG-DA hydrogels 

Precursor solutions were formed by vortexing DI-H2O, PEG-DA (100%v/v), and 

Darocur 1173 (1% v/v) for 1 min. 

Planar hydrogel sheets (∼1 mm thick per electronic caliper measurements) were 

prepared by pipetting the precursor solution between two clamped glass slides (75 × 50 

mm) separated by polycarbonate spacers (1 mm thick) and exposing the mold to 

longwave ultraviolet (UV) light (UVP UV-Transilluminator, 6 mW cm−2, λpeak = 365 

nm) for 30 sec at room temperature (RT). Hydrogel sheets were removed from their 
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molds, rinsed with DI H2O, and soaked in a Petri dish containing DI H2O (60 mL) for 24 

hr.  

Cylindrical hydrogels (∼3 mm × 5 mm, diameter × length per electronic caliper) 

were prepared by pipetting the precursor solution into a hollow cylindrical glass mold 

(inside diameter = 3.0 mm, length = 10 mm) with one end sealed by Parafilm. After 

sealing the other end of the mold, it was likewise exposed to longwave UV light as 

above at RT for 3 s. The cylindrical hydrogel was removed from the mold, rinsed with 

DI H2O, and immersed in a Petri dish containing DI H2O (60 mL) for 24 hr. A clean 

razor blade was used to equally trim the ends to reduce the length to 5 mm. 

 

5.2.3. Preparation of thermoresponsive DN hydrogels 

DN hydrogels were prepared by sequential formation of a relatively tightly cross-

linked 1st network and a loosely crosslinked 2nd network. The “1st network precursor 

solution” was formed with NIPAAm monomer, AMPS monomer (the wt% ratio of 

NIPAAm to AMPS was systematically varied), BIS crosslinker, Irgacure-2959 photo-

initiator and DI water. The “2nd network precursor solution” was formed with combining 

NIPAAm (6.0 g), NVP (0.96 g), BIS (0.012 g), Irgacure 2959 (0.24 g), and DI H2O 

(21.0 g). 

Planar hydrogel sheets (1 mm thick) were produced by pipetting the first network 

precursor solution into a mold consisting of two clamped glass slides (75 × 50 mm) 

separated by 0.5 or 1 mm thick polycarbonate spacers. The mold was then immersed in 

an ice water bath (∼7 C) and exposed to longwave UV light for 30 min. The resulting 



 

 79  

 

SN P(NIPAAm-co-AMPS) sheet was removed from the mold, rinsed with DI H2O, and 

then soaked in DI H2O at RT for 2 days with daily water changes. The SN sheet was 

then transferred into a covered Petri dish containing the 2nd network precursor solution 

for 24 hr at RT. Next, the planar hydrogel was placed into a rectangular mold (1.5 mm 

thick), photocured for 30 min, and finally soaked in DI H2O as above. 

Cylindrical hydrogels (∼3 mm × 5 mm, diameter × length) were prepared by 

pipetting the precursor solution into a cylindrical glass mold (inside diameter = 1 or 3 

mm, length = 10 mm) as above. 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 H2O, and soaked in a Petri dish containing DI H2O (60 

mL) for 2 days at RT with daily water changes. A SN cylindrical hydrogel was then 

transferred into a Petri dish containing the second network precursor solution for 24 hr at 

RT. The cylindrical hydrogel was then placed into a second cylindrical mold (diameter = 

~3 mm, length = 15 mm), submerged in an ice water bath (∼7 C), exposed for 10 min 

to longwave UV light, and soaked in DI H2O as above. A clean razor blade was used to 

trim ends to reduce the cylindrical length to 5 mm.  

 

5.2.4 Measurement of VPTT 

 The VPTT of the P(NIPAAm-co-AMPS)/PNIPAAm DN hydrogels were 

measured with differential scanning calorimetry (DSC; TA Instruments Q100). After 

soaking in DI-water at RT, the hydrogel specimens were blotted with a Kim Wipe and 

sealed in a hermetic pan. After cooling to -50 C, the temperature was increased to 50 C 
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at a rate of 3 C per min for 2 cycles. The resulting endothermic phase transition peak is 

characterized by the initial temperature at which the endotherm starts (To) and the peak 

temperature of the endotherm (Tmax).  Reported data are from the 2nd cycle. 

 

5.2.5. Glucose diffusion  

Planar hydrogel strips (1 cm × 1 cm × 1 mm) were placed in a side-by-side 

diffusion cell (PermeGear, Bethlehem, PA) positioned atop a stir plate. The donor 

chamber contained 3 mL of glucose solution (∼1000 mg dL−1), and the receptor chamber 

contained 3 mL of DI H2O. Chamber solutions were stirred with Teflon-coated stir bars 

(800 rpm) to maintain constant solution concentrations. A water jacket maintained the 

designated temperature (35 and 40 C) throughout the system. Every 10 min (for a total 

time of 3 h), 50 μL aliquots were removed via pipet from each chamber and glucose 

concentration was determined with a YSI 2700 Select Biochemistry Analyzer (YSI 

Incorporated, Yellow Springs, OH). The diffusion coefficients were calculated using 

Fick’s second law of diffusion. 

 

5.2.6. Glucose diffusion lag time  

A computational model of the DN hydrogels was developed using COMSOL 

Multiphysics software (COMSOL, Inc., Los Angeles, CA). Conducting a time dependent 

transport of diluted species study, a geometric cylinder (3 mm × 5 mm, diameter × 

length) was constructed with a maximum and minimum free tetrahedral mesh element 

size of 0.382 and 0.0249 mm, respectively. The simulation began with a DN hydrogel 
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internal glucose quantity of 0 mg dL−1 and external glucose levels of 60, 80, 160, and 

300 mg dL−1. The average glucose concentration within the cylindrical hydrogel was 

assessed every second for 1 hr for each external glucose concentration. The diffusion lag 

time was defined as the time required for the hydrogel internal glucose concentration to 

fall within 5% of the external glucose concentration. 

 

5.2.7. Thermosensitivity  

Three cylindrical DN hydrogels (∼ 3 mm × 5 mm, diameter × length) were 

vertically attached to a single Petri dish with a small amount of optical adhesive 

(Norland Optical Adhesive 61) to the base of one end. To hydrate the affixed cylinders, 

the Petri dish was filled with DI H2O for at least 12 hr at RT prior to thermally cycling. 

The Petri dish was positioned atop a heating plate under a DSLR camera (Canon Rebel 

T3i) with a 50 mm macro lens. Images were taken every 5 min as the hydrogels were 

thermally cycled between 25 and 40 C for 5 cycles. The average rate of heating to 40 

C was ∼0.7 C/min, and passive cooling to 25 C was ∼0.22 C/min. Thus, each cycle 

consisted of a 1 hr heating period followed by 1 hr of passive cooling. Cylinder 

diameters were analyzed by ImageJ software. 

 

5.2.8. Cytocompatibility 

DN hydrogel cytocompatibility was assessed by measuring LDH concentrations 

released by rat dermal fibroblast cells 24 hr after cell seeding versus that of two 

cytocompatible controls, a PEG-DA hydrogel as well as tissue culture plastic (i.e., 
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polystyrene, PS). Planar DN and PEG-DA hydrogel sheets were prepared as described 

above. Three 6 mm discs were punched from the sheet and then sterilized by immersion 

in 80% EtOH for 45 min. The hydrogel discs were then washed 3X (30 min each) with 

sterile PBS, submerged in PBS for 24 hr, and subsequently transferred to a sterile 24-

well plate. Next, rat dermal fibroblast cells suspended in rat fibroblast growth medium, 

were seeded onto each hydrogel disc and also into the empty tissue culture plastic wells 

at a concentration of ~6500 cells cm-2. Cells were incubated for 24 hr at ~37 C with 5%  

CO2. Finally, the media from each well was extracted and assessed for LDH level 

per the manufacture’s protocol. The relative LDH activity was calculated by normalizing 

DN sample absorption to that of PS.   

 

 

Figure 5.1. DSC thermograms of hydrogels 
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5.3 Results and Discussion 

5.3.1. VPTT 

 Incorporation of a hydrophilic comonomer is known to increase in the VPTT of 

thermoresponsive hydrogels [126]. In our previous study, the VPTT of the 1st network in 

the P(NIPAAm-co-AMPS)/PNIPAAm system was observed to increase with AMPS 

content [153]. Thus, the NVP comonomer was incorporated into the 2nd network 

precursor solution to adjust the VPTT above the subcutaneous body temperature of the 

wrist (~35 C). Herein, in order to achieve a swollen “off-state” (i.e. VPTT > 35 ºC), 2% 

NVP (based on NIPAAm weight) was incorporated into the 2nd network. Per the DSC 

thermograms (Figure 5.1), T˳ and Tmax of all compositions were all close in value and 

greater than 35 ºC with Tmax approximately equal to ~39.6 ºC (Table 5.1). 

 

5.3.2. Glucose diffusion 

The diffusion coefficient at 35 C and 40 C was assessed by examining glucose 

diffusion through the membrane sandwiched between side-by-side diffusion cell  

Table 5.1. Glucose diffusion coefficient (D) of hydrogels below and above the VPTT. 

AMPS: 
NIPAAm 

Notation VPTT 35 C Average D 
(cm2/s) 

40 C Average D 
(cm2/s) T˳(C) Tmax(C) 

0:100 DN-0% 36.8 39.7 1.82 ± 0.02 × 10-6 1.16 ± 0.02 × 10-6 
25:75 DN-25% 37.3 39.9 1.99 ± 0.01 × 10-6 0.66 ± 0.02 × 10-6 
50:50 DN-50% 37.1 39.8 2.06 ± 0.03 × 10-6 0.75 ± 0.01 × 10-6 
75:25 DN-75% 36.2 39.1 2.21 ± 0.02 × 10-6 1.04 ± 0.03 × 10-6 
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systems. Fick’s 2nd law of diffusion was used to calculate the diffusion coefficients at 

each temperature: 

  

  
  

   

   
 

where c is the concentration within the hydrogel, t is the time, D is the diffusion 

coefficient, and x is the diffusion distance [154-157]. The above equation may be 

modified based on the assumption that each solution preserved a uniform concentration 

and that each element concentration was equal at the hydrogel membrane surface as in 

the bulk volume of each chamber. The simplified equation is 

 

    
    
 

   
  

  
  

where Qt is the overall quantity of glucose transferred through the hydrogel until the 

specific time, t, A refers to the hydrogel area exposed to the donor or receiving 

chambers, C1 is the initial solute concentration of the donor chamber, and L is the 

measured hydrogel membrane thickness.  

Notation Diffusion Lag Time 
(min) 

DN-0% 19.01 ± 0.22 
DN-25% 17.29 ± 0.09 
DN-50% 16.67 ± 0.26 
DN-75% 15.48 ± 0.15 

 

Table 5.2. Diffusion lag times of hydrogel computational models 
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The results of the study are shown in Table 5.1. At 35 C (T < VPTT), the DN 

hydrogel membranes were at the swollen state. D of glucose through the dermis and 

epidermis have been reported as 2.64 ± 0.42 × 10-6 and 0.075 ± 0.05 × 10-6 cm2/s, 

respectively [158]. Thus, the determined value of D (1.82 ± 0.02 × 10-6 cm2/s) for DN-

0% (i.e. AMPS:NIPAAm = 0:100 wt%) is within the functional range. Moreover, 
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Figure 5.2. Computational models were utilized to determine the average glucose concentration 
inside cylindrical hydrogels at 35 C for constant environment glucose levels of 60, 80, 160 and 
300 mg dL-1. Compositions of: (A) DN-0%; (B) DN-25%; (C) DN-50%; (D) DN-75%. The 
glucose diffusion lag time (gray■) marks when the average internal hydrogel glucose 
concentration is 95% to that of external environment. 
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glucose diffusion was similar versus a PEG-DA membrane and DNNC which were 

previously determined to be 1.59  0.42 x 10-6 cm2/s [159] and 1.88  0.01 x 10-6 cm2/s 

respectively [41]. As AMPS content increased, the value of D also increased which can 

be attributed to a more swollen membrane caused by increased electrostatic repulsion. 

When temperature was heated to 40 C (T > VPTT), the membranes became deswollen. 

As expected, this reduced glucose diffusion as indicated by the decreased values of D. 

Overall, these results verify satisfactory glucose diffusion through the DN hydrogels in 

the “off-state”. During deswelling (i.e. self-cleaning), glucose measurements would be 

likely prohibited. 

 

 

 

 

 

 

 

 

 

Table 5.3. Max diameter for a lag time less than 5 min. 

Notation Max Diameter (µm) 
DN-0% 346 
DN-25% 394 
DN-50% 403 
DN-75% 417 
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A COMSOL Multiphysics computational model was utilized to determine the 

glucose diffusion lag time for the DN cylindrical hydrogels (diameter 1.5 mm, length 5 

mm). The simulation utilized an initial glucose quantity within the hydrogel was set to 0 

mg dL-1. Subsequently, four different glucose concentrations (60, 80, 160, and 300 mg 

dL-1) that represent low, normal, high and very high physiologically glucose levels [160] 

were applied to the cylinders. With these conditions, the average glucose concentration 

within the hydrogel cavity every second up to 1 hr was calculated (Figure 5.2). For DN-

0% hydrogel, an average lag time of 19.01 ± 0.22 min was observed, which is similar to 

the DNNC [41]. However, as AMPS levels were increased, lag time systematically 

decreased and the lag time of DN-75% was reduced to 15.48 ± 0.15 min (Table 5.2). 

The increase in pore size and hydration may be responsible for the reduction in lag time 

[153]. Physiological lag times upward of 15 min have been reported between glucose 

changes in the interstitial fluid (ISF) and in the blood [161-165]. To further reduce the 

lag time, the cylinder diameter may be reduced. If a lag time of less than 5 min is 

targeted, the maximum diameters for DN hydrogels are shown in Table 5.3.  

 

5.2.3. Thermosensitivity 

The extent and rate at which the cylindrical hydrogel deswells and reswells upon 

cyclically heating (T > VPTT) and cooling (T < VPTT) is critical for its ability to 

function as a self-cleaning membrane [38, 166]. The thermosensitivity of hydrogels were  
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determined by measuring the diameter change during thermal cycling. The diameter of a 

vertically affixed charged DN hydrogel (DN-25%, 50%, and 75%) cylinders showed 

more dramatic diameter change at 40 C compared to pure DN-0%. DN-75% exhibited a 

greater extent of diameter change versus DNNC (Table 5.4). After cooling to 25 C for a 

period of 1 hr, the diameters of specimens all returned to within 95% of its initial 

measured swollen state. The reversible thermo-transition was confirmed by cyclical 

heating (~0.70 C/min) and cooling (~0.22 C/min) over a 10 hr period (Figure 5.3). A 

consistent change in diameter during each cycle was observed. 

 

Table 5.4. Diameter decrease from swollen to deswollen state. 

Notation Max Diameter 
Change (%) 

PEG N/A 
DNNC 24.8 ± 0.7 
DN-0% 22.7 ± 2.1 
DN-25% 24.7 ± 1.7 
DN-50% 25.2 ± 1.7 
DN-75% 33.2 ± 1.0 
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PEG 

DN-0% DN-25% 

DN-50% DN-75% 

Figure 5.3. Diameter change during thermal cycling of a vertically affixed hydrogel cylinder 
over a 10 hr time period. Diameter change (blue) and temperature change (gray). 

DNNC 
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5.3.4. Cytocompatibility 

Good cytocompatibility is an essential prerequisite for a subcutaneously 

implanted self-cleaning membrane to be applied in clinic. The cytocompatibility of the 

hydrogels was assessed via lactate dehydrogenase (LDH) activity assays. LDH is a 

biomarker released during tissue damage, thus can be measured to determine cellular   

toxicity[167]. LDH levels of different specimens released by rat dermal fibroblast cells 

24 hr postseeding were analyzed. Compared to the LDH levels of non-cytotoxic PEG-

DA hydrogel and tissue culture plastic (i.e. PS), All of the P(NIPAAm-co-

AMPS)/PNIPAAm membranes exhibited similar values, which indicate low cytotoxicity 

toward fibroblast cells (Figure 5.4). 

 

Figure 5.4. Relative LDH activity after 24 hr for 
PEG-DA, P(NIPAAm-co-AMPS)/PNIPAAM, and 
polystyrene (PS). 
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5.4 Conclusions 

A thermoresponsive double network hydrogel was prepared by introduction of an 

electrostatic comonomer AMPS (25, 50, and 75 wt% ratio AMPS:NIPAAM) during 

formation of the 1st network. Its ability to function as a self-cleaning membrane for a 

subcutaneously implanted glucose biosensor was evaluated and compared with non-

charged DN-0% and previously reported DNNC.  

The VPTT was adjusted to ~38 C with NVP comonomer to ensure that the 

membrane hydrated at body temperature (35 C, temperature of wrist subcutaneous 

tissue) to allow sufficient glucose diffusion. At 35 C, as the AMPS content increased in 

the 1st network, the glucose diffusion coefficient (D) increased due to larger pore size of 

the DN hydrogels. According to the prediction of a finite element model, glucose 

diffusion lag time for the hydrogel cylinder was further reduced. If a thinner hydrogel 

can be produced, the lag time is 5 min and it would be negligible compared to the 

glucose changes in the ISF. Compared to nanocomposite (DNNC) membrane, DN-75% 

electrostatic membrane exhibited faster glucose diffusion and shorter lag time.  

All P(NIPAAm-co-AMPS)/PNIPAAm DN hydrogels exhibited enhanced 

thermosensitivity and greater changes in diameter were observed during thermal cycling 

versus DN-0%. Over a 10 hr period of thermal cycling, all hydrogels shown consistent 

reversible size change (5% of the original swollen diameter). Like the LDH results of 

PEG and PS, all compositions exhibited negative cytotoxicity. 
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CHAPTER VI  

CONCLUSIONS AND FUTURE DIRECTION  

 

6.1 Conclusions 

 Herein, a self-cleaning membrane for extending the lifetime of an implanted 

biosensor has been developed based on two thermoresponsive PNIPAAm DN hydrogel 

designs as well as considerations of membrane geometry and size. This active approach 

to control membrane biofouling is a departure from most strategies that rely on a passive 

mechanism which have been met with limited success. In addition, while thermally-

driven in vitro cell release from PNIPAAm SN hydrogels has been studied, this research 

is the first (to our knowledge) to use PNIPAAm-based hydrogels for in vivo cell release.  

The PNIPAAm DN hydrogel systems described were carefully designed to meet the 

functional requirements of a self-cleaning membrane.   

In Chapter II, a series of PNIPAAm DN nanocomposite hydrogels were prepared 

by incorporation of polysiloxane nanoparticles (~50 nm and ~200 nm) during the 

formation of either the 1st or 2nd network. The VPTT values were conveniently 

maintained at that of PNIPAAm SN hydrogels. However, the rate and extent of 

deswelling was enhanced, even for the DN hydrogel containing no nanoparticles. 

Notable, the composition based on inclusion of ~200 nm polysiloxane nanoparticles in 

the 1st network exhibited the most notable properties. For this DN nanocomposite 

hydrogel, equilibrium swelling was dramatically enhanced as well as deswelling–
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reswelling kinetics. Despite higher equilibrium swelling at RT, its modulus and strength 

values exceeded that of the SN hydrogel.  

In Chapter III, a series of PNIPAAm DN hydrogels containing AMPS (an 

electrostatic comonomer) were explored as an alternative design in order to improve 

mechanical properties and optical transparency. AMPS was introduced at varying levels 

during the formation of the 1st, tightly crosslinked network only as this was found to 

maintain the VPTT values at that of PNIPAAm SN hydrogels. The highly negatively 

charged 1st network impacted several properties. Pore size and water uptake increased 

with AMPS content, resulting in increased swelling. While the rate and extent of 

deswelling was improved versus SN and DN hydrogels (i.e. no AMPS), increased 

AMPS content reduced this behavior. In contrast, increased AMPS content improved 

reswelling. The DN hydrogel containing the highest level of AMPS (i.e. 25:75 wt% 

NIPAAm:AMPS) exhibited exceptional ultimate strength (17.5 MPa) despite its high 

hydration.   

In Chapter IV, the impact of combining a micron-scale dimensions and a DN 

design on thermally-driven cell-release was evaluated. Micropillars (~200 µm) along 

with analogous mm-thick planar slabs were prepared from PNIPAAm DN as well as SN 

compositions. Given the expected implantation of cylindrical self-cleaning membranes, 

cell release from a micropillar hydrogel was important to assess. Cell-release efficiency 

was improved for both planar and, particularly, for micropillared DN hydrogels versus 

analogous SN hydrogels. This correlated to the observed increase in thermally-driven 

change in pillar diameter for DN micropillars. As a result, cell release was 1.6X more 
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efficient (based on the total number of cycles required to detach the cell sheet) from DN 

hydrogel micropillars versus SN hydrogel micropillars.  

Finally, in Chapter V, the electrostatic PNIPAAm-co-AMPS DN membrane 

design (from Chapter III) was evaluated in terms of tailoring them to meet specific 

functional requirements for a self-cleaning membrane for an implanted glucose 

biosensor. The VPTT was adjusted to ~38 C with NVP such that the membrane would 

be swollen in the “off-state”. Glucose diffusion increased with AMPS content in the 1st 

network and glucose diffusion lag time was reduced to ~15 min. In addition, enhanced 

thermosensitivity was observed as AMPS content increased and the cytocompatibility of 

the PNIPAAm-co-AMPS DN hydrogels was confirmed.  

 

6.2 Future Directions 

Given the results of this work, several major items remain highly relevant for 

future studies. First, in vitro and in vivo “self-cleaning” assessment of the PNIPAAm-co-

AMPS DN membrane design (Chapter V) is important. In this way, the electrostatic 

membranes may be distinguished versus the PNIPAAm DN nanocomposite design 

which was previously evaluated. It is expected, due to the electrostatic forces and 

enhanced hydration, that in vitro cell release will be improved. The next step would be to 

select a specific membrane composition for in vivo studies using a subcutaneous rat 

model and self-cleaning behavior analyzed via histology.  

In addition to assessing self-cleaning, other factors must be considered when 

combining with a particular glucose sensing material to form the biosensor. First, 
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housing of a glucose sensing material must be considered. Second, the size of the final 

implant and membrane thickness must also be evaluated. Of particular interest to our 

group is the incorporation of a fluorescent glucose sensing assay developed by Gerard 

Coté and co-workers which is based on the competitive binding between Alexa 647-

concanavalin A (ConA) and competing ligand (aminopyrene trisulfonatemanno-tetraose, 

APTS-trimannose). Considerations will have to be made to incorporate the assay into the 

membrane to minimize leakage of the assay as well as glucose diffusion lag time 

(Figure 6.1a). A hollow cylindrical membrane may obtain these goals. However, since 

glucose diffusion lag time is critically associated with the size of membrane, the cylinder 

must also have a narrow diameter. In our studies, we noted that for the DN 

nanocomposite design (i.e. ~200 nm polysiloxane nanoparticles incorporated into the 1st 

network), the cylinder diameter needed to be reduced to ~350 µm to achieve a glucose 

diffusion lag time of ~ 5 min.  For the PNIPAAm-co-AMPS DN membrane with the 

highest AMPS content, due to its faster glucose diffusion, a diameter of ~420 µm could 

be utilized. While we have shown our ability to fabricate hollow cylindrical membranes 

with inner and outer diameters of 800 and 1000 μm (Figure 6.1b & 6.1c), respectively, 

smaller dimensions are required. Thus, a major focus will be placed on new fabrication 

method for miniaturized DN hydrogel hollow, and possibly solid, rods. Customized 

mold and 3D printing technology are two potential solutions. Based on their superior 

optical transparency (essential for optical sensing methods), as well as better mechanical 

properties, enhanced thermosensitivity and superior glucose diffusion. Furthermore, their 
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negatively charged nature may inhibit leakage of the aforementioned assay which is also 

negatively charged. 

 

 

 

 

Figure 6.1. a) Diffusion apparatus of glucose competitive binding protein ConA against hydrogel 
membrane. b) Current fabrication method for hollow rod hydrogel. c) Dark blue polystyrene 
particles (~3 µm) (“glucose assay mimic”) were injected into the inner hollow space of the 
hydrogel. 
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