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Abstract: The permeability of polyimide–polyacrylic acid (PI-PAAc) pH-responsive membrane 

fabricated using a 248 nm KrF laser was investigated. These membranes were further immobilized with 

glucose oxidase enzyme, which led to the successful development of a glucose-responsive membrane. 

The base PI membranes were developed using a simple photolithographic technique. Further grafting 

of PAAc inside the pores was carried out using the same laser wavelength. The effect of various solution 

parameters and laser parameters were studied and discussed in detail in our previous work. A variety of 

grafting yields were obtained by changing laser exposure time. Glucose Oxidase (GOD) enzyme was 

then immobilized on the membrane using a carbodiimide-based amidation method. The polyacrylic acid 

grafted inside the pores shows pH-responsive gating. The immobilized GOD molecules show glucose 

sensitivity and convert the glucose into gluconic acid. The experiment results show that these 

membranes can detect the amount of glucose and release the corresponding solute amount. 
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1. Introduction 

Stimuli-responsive membranes are designed for a specific application and thus are of 

foremost importance [1–9]. Especially, pH-responsive membranes have applications in 

separation processes, sensor applications, and controlled drug release applications [10,11]. The 

human gastrointestinal tract has a considerable variation in pH value [12–14]. Therefore, the 

pH-responsive membranes can be very useful for controlled drug release in the human body to 

target specific areas or organs [15,16]. Although there are pH-responsive 3D crosslinked 

structures available for controlled drug release, gating membranes offer the advantage of their 

immediate response compared to their hydrogel analogs [17]. In the case of controlled drug 

release systems, it is essential to release drugs as soon as the system receives the environmental 

stimulus [15,18,19]. Herein, a reservoir-based controlled release drug system for diabetes is 

studied. 

Diabetes is a major health issue in industrialized countries [20]. Especially during 

current CIVID times [21–23]. Although many medications are available on the market, they 

have adverse effects like gastric irradiation, nausea, and many more [24]. The very common 

treatment for a diabetic patient is insulin injection into the body [25]. However, the poor control 

of glucose level in blood after the injection is a major concern in maintaining homeostasis [17].  
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Besides, the amount of glucose level is different during different meals like breakfast, 

lunch, dinner, and the rest of the day [26]. It also depends on the type of food one eats. 

Therefore, it is important to have temporal control on insulin release depending on the glucose 

level in the blood. For this purpose, researchers have proposed that the fabrication of 

immobilized glucose oxidase (GOD) on pH-responsive membranes may improve the 

therapeutic efficiency in diabetic patients. For example, GOD enzymatically converts glucose 

into gluconic acid. The gluconic acid changes the pH of the environment in its vicinity, which 

helps the pH-responsive membrane release drugs corresponding to the amount of glucose 

[17,26,27]. 

We have already developed an ultrafast, solvent-free method to develop a pH-

responsive membrane [28,29]. This study further immobilized these membranes with GOD, 

making them glucose-responsive. The membranes are fabricated using an excimer laser, which 

reduces the fabrication time significantly [30–32]. Water was used as the solvent in the reaction 

system, making the grafting system environmentally friendly, providing a significant 

advantage. Solvents will only be used for cleaning purposes. Polyimide (PI) is a suitable 

material for membrane fabrication because of its excellent chemical and thermal resistance. 

PAAc is selected, on the other hand, because of its biocompatibility [33]. In this paper, we aim 

to use this fabrication technique to develop glucose-responsive membranes that will have 

potential applications in diabetes treatment. 

2. Materials and Methods 

Kapton HN PI films - 25 μm thick were obtained from DuPont High-Performance 

Material (Durham, NC, USA). 20 μm stainless steel mesh (625 mesh) was purchased from 

TWP Inc (Berkeley, CA, USA). Acrylic acid (AAc), N, N’-methylene bisacrylamide 

(mBAAm), Irgacure 2959, β-(N-Morpholino) ethane sulfonic acid (MES), D-(+)-Glucose, 

glucose oxidase aspergillus HI-PU 100KU (GOD), Hydroquinone, Caffeine, acetone, and 

tetrahydrofuran (THF) were purchased from Sigma Aldrich (St. Louis, MO, USA). Ethanol 

was purchased from Decon Labs, Inc (King of Prussia, PA, USA). N-(3-dimethyl 

aminopropyl)-N’-ethyl carbodiimide hydrochloride (EDC) was purchased from Oakwood 

Chemicals. Rhodamine B and N-hydroxysuccinimide were purchased from VWR. The primary 

amine-terminated Rhodamine (Rhodamine-NH2) was synthesized in the lab using previously 

reported methods [34]. Distilled water, prepared in our lab, was used to prepare grafting 

solutions. Deionized water with total dissolved solids contents below 5 ppm was used for all 

other purposes. A 248 nm KrF excimer laser (Lambda Physik 240i) with a pulse width of 25 

ns was used for ablative degradation and photo-polymerization. 

2.1. Fabrication of base PI membrane. 

PI base membrane with an average pore size of 11.24 ± 1.14 μm was prepared using 

the lithographic technique in a circular region of 4 mm in the center using fluence 250 mJ/cm2 

and 400 pulses at 1 Hz frequency. Our previous work discussed the fabrication process in detail 

[28]. Membranes were further cleaned using ethanol and THF for 5 minutes each in a sonicator. 

They were then dried for 24 hours in a vacuum for the next step, i.e., grafting. 
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2.2. Grafting polyacrylic acid gates by laser grafting pore-filling polymerization. 

For the grafting step, the reaction solution was prepared using AAc monomer (5% 

w/w), mBAAm (3.5% w/w of monomer) crosslinker, and Irgacure 2959 initiator (1% w/w of 

monomer). PI membrane was placed on the top of the O-ring, and 90 μL reaction solution was 

placed on the top of the membrane to be grafted. The solution passes through the pores inside 

the reservoir (cavity in O-ring below membrane), wetting the membrane walls. The reaction 

was carried out in the nitrogen environment at a fluence of 5 mJ/cm2 using various pulse 

numbers. A laser wavelength of 248 nm was used for both the steps, i.e., base membrane 

fabrication and grafting. The frequency used for the grafting step is 25 Hz. 5 mg/mL 

hydroquinone inhibitor solution was used at the end to quench the reaction. Membranes were 

then washed using DI water to remove the unreacted monomer. Various pulses were used to 

obtain membranes at different grafting conditions using pulses 400, 800, and 1200. 

2.3. Morphological analysis of membrane. 

Fourier transform infrared (FT-IR) spectra of the PAAc, ungrafted, and the PAAc-

grafted membranes were measured on a spectrophotometer (Alpha-P FTIR Spectrometer, 

Bruker Optics, MA, USA) after drying membranes at 45 0C for 24 hours. 

To observe the microscopic configuration of PAAc-grafted membranes with different 

grafting yields, a scanning electron microscope (SEM, JOEL JSM-7401F) was used. 

Additionally, Fluorescence microscope images were taken using a Laser Scanning Confocal 

Microscope – (Zeiss LSM-510 fluorescence microscope). Membranes were exposed to the 

light of wavelength 543 nm, and a 560 nm filter was used to observe the fluorescence.    

Thermogravimetric Analysis (TGA) (Q500, TA Instruments) was used to determine the 

weight of PAAc acid grafted inside the membrane pores. Membranes were dried at 45 0C for 

24 hours before doing TGA. 

2.4. Estimation of change in permeability using filtration experiment. 

The pH-responsive changes in pore size of the membrane with different grafting yields 

were determined using a dead-end filtration cell (Amicon 8010, Millipore). A pressure of 0.034 

MPa (5 psi) was used to conduct the filtration experiment. Water was allowed to pass across 

the membrane, and the flux was measured by collecting the water in a container attached to the 

weighing balance. The weighing balance was connected to the computer, which automatically 

calculated the water flow rate. Permeability coefficient (permeability) (J) was calculated using 

equation (1) 

𝐽 =
𝑚

𝜌.  𝐴.  ∆𝑃
 , (1) 

where 𝑚 = water flow rate; 𝜌 = density of water (1 mg/mL); 𝐴 = area of perforated region; ∆𝑃 

= applied pressure. 

Initially, a membrane grafted using 600 pulses was used. Permeability value changes 

drastically from pH 3 to pH 7; thus, permeabilities at these two pH levels were calculated for 

all the membranes. 

2.5. Preparation of glucose-responsive membranes using immobilization reaction. 

After permeation studies, membrane grafted at 800 pulses was used for the next step, 

i.e., immobilization of GOD. The immobilization was carried out using the carbodiimide-

https://doi.org/10.33263/BRIAC131.011
https://biointerfaceresearch.com/


https://doi.org/10.33263/BRIAC131.011  

 https://biointerfaceresearch.com/ 4 of 10 

 

catalyzed method [17,35]. First, the PAAc-grafted membrane was placed in an MES buffer at 

pH 4.75 containing (10 wt%) N-(3-dimethyl aminopropyl)-N’-ethyl carbodiimide 

hydrochloride (EDC)). EDC was used to activate the carboxylic group present in PAAc. After 

allowing this reaction for an hour, unreacted EDC was removed after carefully washing the 

membranes using water at pH 4.75.  

EDC coupled samples were further reacted with glucose oxidase (1 wt. %) aqueous 

solution at pH 4.75 for 24 hours at 4 0C. The amide bond forms between the amino group 

present in the glucose oxidase and the carboxylic group in the grafted polyacrylic acid. 

Membranes were then washed using acidic water in slow stirring for 24 hours and used for 

diffusion studies. 

To confirm that the immobilization reaction occurs, membranes were reacted with 

Rhodamine- NH2. After the EDC coupling reaction, the same procedure used for grafting GOD 

was used for fabricating Rhodamine-conjugated membranes. These membranes were then 

studied under the fluorescence microscope to confirm the reactivity of PAAc-grafted 

membranes. 

2.6. Diffusion experiments. 

After immobilization of GOD, 5 mg/mL caffeine was used as a model drug to carry 

out-diffusion experiments. The donor vial of 2 mL and the receptor vial of 5 mL was used for 

the experiment. The donor vial was inverted on the receptor vial using double-sided tape. The 

membrane was fixed inside the donor vial, and the receptor vial was continuously stirred using 

a magnetic stirrer. 500 μL aliquots were taken out periodically, and caffeine concentration was 

found using UV vis spectroscopy. The diffusion coefficient was calculated using Fick’s first 

law of diffusion- 

𝑙𝑛 (
𝐶0−𝐶𝑓

𝐶−𝐶𝑓
) = 𝐷 ∙

𝑉𝑑+𝑉𝑟

𝑉𝑑𝑉𝑟
∙

𝐴

∆𝑥
∙ 𝑡 ,  (2) 

where 𝐶0, 𝐶 and 𝐶𝑓 are initial, intermediate (at time t), and final caffeine concentrations, 

respectively, in donor solution. D is the membrane diffusion coefficient. 𝑉𝑑, 𝑉𝑟 are volume of 

donor and receptor vials, respectively. A is an effective permeation area, and ∆𝑥 is membrane 

thickness. 

After carrying out immobilization reaction as described previously, diffusion across the 

membrane was studied in the absence and presence of glucose using various glucose 

concentrations. 

3. Results and Discussion 

3.1. Morphological analysis of PAAc grafted membranes. 

Figure 1 shows SEM images of PAAc grafted at various grafting yields, i.e., at various 

numbers of pulses or various exposure times. It can be seen very clearly that each incoming 

pulse grafting continues by a bottom-up approach. After permeation experiments, these images 

proved that the grafted material was chemically attached firmly inside the pores. For membrane 

grafted at 400 pulses, the material appears to have washed away. 

To prove that the material grafted inside the pore is PAAc, ATR-FTIR was carried out. 

Figure 2 shows ATR-FTIR spectra for membranes grafted using PAAc crosslinked network. 

N-H and O-H groups present in the crosslinked PAAc give broad peaks around 2400 cm-1 to 

3600 cm-1 [36].   

https://doi.org/10.33263/BRIAC131.011
https://biointerfaceresearch.com/


https://doi.org/10.33263/BRIAC131.011  

 https://biointerfaceresearch.com/ 5 of 10 

 

 
Figure 1. SEM images of grafted membranes manufactured using F250P400Hz1 (11 µm pore size) support 

membranes. All were prepared using F =5 mJ/cm2. (a), (b) and (c) were grafted at P400, P800, and P1200, 

respectively. Scale bar = 100 μm. 

N-H stretching peaks were seen at 3485 cm-1, and broad O-H stretching height was 

around 3042 cm-1. No specific peaks were observed for membrane grafted at 400 pulses at 3485 

cm-1 and 3042 cm-1 since most of the polymer is washed away during permeation studies. 

 
Figure 2. ATR-FTIR spectra of PAAc, PI, and membranes grafted at various pulses. 

Fluorescence microscope images figure 3 were taken using Laser Scanning Confocal 

Microscope - Zeiss LSM-510 fluorescence microscope. After the immobilization reaction, 

fluorescence can be seen confirming the conjugation reaction of PAAc with the amine-

containing molecule. 

 
Figure 3. Fluorescent images of grafted membranes exposed to 540 nm wavelength on pore-filled F250P400Hz1 

(11 µm pore size) support membranes. (b) and (c) were prepared at F =5 mJ/cm2. (a) ungrafted, (b) membrane 

grafted using P800 before carrying out immobilization reaction, (c) membrane grafted using P800 after 

immobilization reaction with Rhodamine B. All images were taken using lase wavelength of 543 nm and filter 

560 nm. Scale bar: 100 μm. 

3.2. Effect of PAAc grafting yield on the responsiveness of membrane. 

Membranes permeability values show major change at pH 3 and pH 7, as shown by our 

previous studies [28,29]. Therefore, these two pH levels were chosen for further studies. At 

higher pH, the polymer swells because of the repulsion between adjacent COO‾ groups present 
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in the polymer chain. On the other hand, it dwells inside the pores at lower pH. Deswelling 

increases overall pore size, resulting in a higher permeability value than that at lower pH. More 

material is grafted inside the pore with each incoming laser pulse, restricting the water flow 

across the membrane, leading to a decrease in the permeability value, as seen in figure 4. 

 
Figure 4. Water permeability of grafted membranes prepared at various pulses. 

3.3. Weight of PAAc grafted inside pores. 

Since the amount of material grafted inside the pore is just a few mg, TGA was used 

for determining the weight of material grafted inside the pores. PAAc degrades completely 

around 500 oC; on the other hand, PI starts to degrade at 600 oC, TGA becomes a beneficial 

and easy tool to determine the weight grafted inside the pores, as seen in figure 5. With an 

increasing number of pulses, grafted weight increases. 

 
Figure 5. a) TGA curve for crosslinked PAAc hydrogel, PI, and membranes grafted at P400 and P1200; b) 

Weight of hydrogel grafted as a function of the number of pulses. 

3.4. Diffusion permeability. 

Figure 6 (a) shows caffeine permeation across the membrane before and after glucose 

addition. After adding glucose, solute permeation increases, and this increase is almost linear. 

Diffusion coefficient increases with increasing the amount of glucose. This implies that the 
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membranes can detect the amount of glucose and release the corresponding amount of solute 

molecule.  

 
Figure 6. (a) Caffeine diffusion through the membrane grafted at P800 after immobilization reaction; (b) 

Diffusion coefficient of caffeine calculated after diffusion studies. 

4. Conclusions 

The membrane fabrication technique used in this paper is entirely organic solvent-free, 

and fast. Using laser lithographic techniques, pores obtained on the base membrane led to 

uniform, regular, and ordered pores. The grafting step uses the same laser wavelength to fill 

the pores with pH-responsive polymer hydrogel. The process does not involve any organic 

solvents. The membrane fabrication time is significantly low. It takes only twenty seconds to 

obtain the grafted membrane. 

Further immobilization of this membrane results in glucose-responsive smart 

membranes. The membrane gives an almost linear drug release profile, and the amount of drug 

released also corresponds to the glucose level. This membrane shows a potential application 

for diabetes treatment because of its ability to detect glucose levels and release the 

corresponding solute. 
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Supplementary Data 

 

NH2-Rhodamine B dye was synthesized following a reported procedure.[37] 

Rhodamine B (0.6g, 1.3mmol) and hexamethylenediamine (1.6g, 13.8 mmol) were dissolved 

in ethanol (50 mL). After refluxing for 18 h, the solvent was removed under vacuum. The crude 

was dissolved in an aqueous HCl solution (1M, 50mL). 1M of NaOH solution was added 

slowly to the acidic crude solution until a pink precipitate could be observed. The product was 

collected by filtration and washed excessively with DI water, and dried in a vacuum oven at 

50oC overnight to yield a pink solid product (0.6g, 0.74mmol, 57% yield). 
1H-NMR (300 MHz, cdcl3) δ 7.88 (t, 1H), 7.42 (t, 2H), 7.06 (d, 1H), 6.24 - 6.44 (m, 

6H), 3.34 (q, 8H), 3.09 (t, 2H), 2.56 (t, 2H), 1.25 - 1.08 (m, 20H). 

 

 
Figure S1. NMR spectra of NH2-Rhodamine B. 
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