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Highlight 

 The hemoglobin-rich polyampholyte hydrogel is studied as a function of O2-pH level. 

 This is achieved by a multiphysics model, which couples mechano-electrochemical effects 

together. 

 The hydrogel has wide linear pH (4-6 and 8-10) and oxygen (1-30 mmHg) ranges. 

 The hydrogel can detects and captures bioactive solutes in biological fluids. 

 

 

 

 

Abstract: This paper presents the dual oxygen- and pH-stimulated responsive performances of 

hemoglobin-loaded polyampholyte hydrogel, where a multiphysics model is formulated for the 
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numerical characterization of the hydrogel, incorporating electrical interactions of the fixed-

mobile charge groups and chemical reactions of the hemoglobin-oxygen complexes. A 

developed constitutive relation is integrated into the model to capture bioactivity of the 

immobilized hemoglobin as a function of ambient oxygen coupled with environmental pH. After 

examination with published experimental observations, it is concluded that the multiphysics 

model can accurately characterize both neonatal hemoglobin oxygen saturation and pH-driven 

volume transition behaviors of hemoglobin-loaded hydrogel. The results show that the swelling 

deformation of polyampholyte hydrogel changes in a bowl-shaped like pattern with increase of 

environmental pH value, whereas the rate of oxygen loaded into the hydrogel enlarges linearly 

with increase of physiological oxygen level from 1 to 30 mmHg. Consequently, these findings 

demonstrate that hemoglobin-loaded polyampholyte hydrogel could provide an innovative 

avenue for sensing and storing both bioactive oxygen and hydrogen solutes in biological fluids, 

pointing to a novel material platform for developing oxygen-pH stimuli coupled responsive 

biosensor, as well as oxygen- and/or pH-driven bio-actuators. 

Keywords: Dual oxygen-pH-sensitive hydrogel; Hemoglobin-loaded polyampholyte hydrogel; 

Sensing and storing O2 and H+; Multiphysics model

1. Introduction 

As well known, the oxygen O2 and pH are two critical biomarkers in the human system, which 

facilitate: (i) the detection of diseases, such as breast and liver cancers [1] and (ii) the navigation 

of gas transport in hemoglobin-rich blood [2]. As a result, it is important for an advanced 

biosensor to detect and measure these two important biomarkers in biological fluids, 

simultaneously. In addition, in terms of the hydrogel-based biofuel cell [3], particularly the 

enzyme mediates pH-driven one [4], their performances are usually limited by the oxygen O2 
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concentration in the microenvironment [5], due to the low solubility of the physiological gas in 

the water-loaded polymeric system. Therefore, it is necessary to incorporate the hemoglobin into 

the polyampholyte hydrogel for developing and characterizing the oxygen-pH stimuli coupled 

biosensing or oxygen-rich biofuel material platform [6], in which the hemoglobin is inherently 

associated with the attractive oxygen O2 sensing and capturing properties [7], while the acidic-

basic groups in the hydrogel undergo ionization/deionization in response to environmental pH. In 

other words, incorporation of both the hemoglobin and fixed charge groups onto the polymeric 

network chains of the hydrogel give rise to its dual oxygen- and pH-reactive behaviors. 

Unfortunately, literature searches unveiled that the responsive behaviors of hemoglobin-

loaded polyampholyte hydrogel remains poorly understood. To the best of our knowledge, no 

efforts were conducted experimentally and theoretically to investigate the performance of 

hemoglobin-loaded polyampholyte hydrogel as a function of ambient oxygen O2 coupled with 

environmental pH. In general, free hemoglobin consists of two components, the organic and 

inorganic parts [8-10], where the inorganic heme iron complex in the sensing domain of 

hemoglobin binds with oxygen O2 molecules [11-13], forming oxygen-heme iron complexes [14]. 

Interestingly, the binding of oxygen O2 with the heme iron complex leads to a tense-to-relax 

structural change in the hemoglobin, altering oxygen O2 affinity of the free hemoglobin [15-18]. 

In addition, formation of the free oxygen-hemoglobin complex is also influenced by 

environmental pH, where the affinity of hemoglobin towards oxygen O2 is decreased, when 

acidity of the environmental solution increases. However, the fundamental mechanism of the 

hemoglobin operating in the polyampholyte hydrogel still remains unclear, particularly when 

subjected to the oxygen-pH coupled stimuli. Therefore, it is worthwhile and necessary to 

elucidate the responsive behaviors of the hemoglobin-loaded hydrogel, especially via theoretical 
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modelling for systematically tailoring such materials as the biosensing and biofuel cell platforms 

[19, 20].  

The aim of this paper is to obtain a greater insight into the dual oxygen- and pH-responsive 

behaviors of the hemoglobin-loaded polyampholyte hydrogel in salt solution via a multiphysics 

model. It includes the Poisson-Nernst-Planck equation couples with a nonlinear mechanical 

equation, which accounts for the conversion of electrochemical energy into a mechanical one. In 

addition, two correlations are integrated into the multiphysics model to capture: (i) the 

biochemical interactions amongst the hemoglobin, dissolved oxygen O2 molecules and the 

hydrogen H+ ions; and (ii) the electrical activity between the fixed and the mobile charges in the 

hydrogel. The predictive capability of the multiphysics model is then examined by comparing the 

present numerical results with the experimental data published in open literature, in which a 

good agreement is achieved. This paper is organized as follows. After the introduction presented 

in the first section, the multiphysics model is developed in the second section, followed by the 

section for validation and results discussions. Finally, several conclusions are drawn in the last 

section.  

2. Formulation of the multiphysics model 

In order to investigate the responsive behaviors of hemoglobin-loaded polyampholyte hydrogel, 

a multiphysics model is developed to characterize: (a) the movement (diffusion and migration) of 

ions and oxygen O2 between the microenvironment of polyampholyte hydrogel and the 

environmental solution; (b) the biochemical binding/unbinding reaction between the mobile 

solutes (oxygen and ions) and the immobilized functional groups (hemoglobin and charge 

group); (c) the electrical interactions between the mobile (both co- and counter-) ions in the 
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microenvironment and the immobilized charge groups (both anionic and cationic) in the 

hydrogel; and (d) the oxygen- and pH-responsive actuation behaviors of the hydrogels. 

The present multiphysics model is formulated based on the following assumptions: 

(i) The ambient oxygen O2 dissolves in environmental solution, such that the concentration of 

oxygen O2 in the environmental solution is a function of ambient oxygen O2 level, namely

2 2O pO , where  is the solubility of oxygen O2 in the water and 2pO  is the ambient 

oxygen O2  level (mmHg). 

(ii) The oxygen O2 reversibly binds to the immobilized hemoglobin in the hydrogel, and thus the 

oxygen O2 concentration in the hydrogel is summation of mobile (dissolved in 

microenvironment) and fixed (oxygen-hemoglobin complex) oxygen O2 concentrations. 

(iii)The net charge density of the hemoglobin-loaded polyampholyte hydrogel is contributed by 

both the fixed (acidic and basic groups) and mobile (co and counter ions) charges, where the 

ionizable group density on the immobilized hemoglobin is neglected.  

(iv) The anti-polyelectrolyte behavior of polyampholyte hydrogel is accounted into the model via 

the Debye-Huckel theory, in which a correction term is incorporated into the mechanical 

equation, accounting for the electrostatic interactions between the acidic and basic groups.  

2.1 Hemoglobin reaction mechanism  

In this work, the hemoglobin-loaded hydrogel is subjected to variation of ambient oxygen O2 

levels, where the oxygen-hemoglobin interactions is given as 

 2

2 2 2Hm/HmH O O Hm / O HmH

KO
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where Hm  is the heme group located in the immobilized hemoglobin Hb, 2O  is the dissolved 

oxygen in the hydrogel, HmO2  is the immobilized oxygenated heme site, and the association 

constant
2OK is characterized by the ratio of its forward kOxyHb  rate to the backward kOxy  one.  

Furthermore, the hydrogel is also immersed in a solution with varying pH values, influencing 

the ionization of both the reduced Hm  and oxygenated 2
O Hm  heme sites, where the 

equilibrium position of these phenomena are described by  

 
HmHHHm

1


K

 

(2) 

 
HmHOHHmO 2

2

2 
K

 

(3) 

where  HmH  and HmHO2  are both the protonated reduced and oxygenated heme sites, 

respectively. 1Fk and 2Fk are the forward rates, and 1Bk and 2Bk are the backward rates 

(where subscript 1 refers to the reduced heme sites and subscript 2 denotes the oxygenated heme 

sites).  

Therefore, the total hemoglobin concentration [Hb] in the hydrogel is thus written as  

 
2 2Hb Hm O Hm HmH O HmH  (4) 

where the immobilized hemoglobin involves in two important chemical reactions: (i) the 

oxygenation/deoxygenation of heme group and (ii) both the protonization of reduced and 

oxygenated heme groups. 

The saturation of hemoglobin S with the oxygen O2 is given as  

 
2HbO

S
Hb

 
(5) 
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where the oxygenated hemoglobin concentration 2HbO can be described as follows 

 
2 2 2

2 2 22

2 22

HbO O Hm O HmH

O Hm H O Hm

O Hm 1 H

O

O

K K

K K

 

(6) 

in which 
2OK and 2K are defined by the ratio of its forward and backward rates and can be given 

as 2 22
O Hm O HmOK  and 

2 2 2O HmH H O HmK , 

and the total hemoglobin concentration Hb can be expressed as 

 
2

1 2 22

1 2 22

Hb Hm HmH + HbO

Hm H Hm + O Hm 1 H

Hm 1 H + O 1 H

O

O

K K K

K K K

 

(7) 

while 1K  is expressed by the ratio of HmH / H Hm  

The rate of oxygenation of hydrogel can be characterized mathematically by  

 
22

1-S O Hb S Hb O OxyHb Oxyr k k  (8) 

where the first term on the right characterizes the increase of concentration of the fixed oxygen 

O2 in the form of oxygen-hemoglobin complex and the second term on the right describes the 

increase of dissociation of mobile oxygen O2 from the fixed hemoglobin, which both enrich the 

microenvironment with oxygen O2. There is no consumption of oxygen O2 in the system, 

explaining the absent of an oxygen O2 sink term in Eq. (8). 
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2.2 Formulation of the multiphysics model 

In formulating the multiphysics model for the hemoglobin-loaded polyampholyte hydrogel, the 

reaction-diffusion equation describing the oxygenation of hemoglobin-loaded hydrogel consists 

of three components: (i) diffusion of mobile oxygen O2 from environmental solution to 

microenvironment of the hydrogel, (ii) binding/unbinding of oxygen O2 with the hemoglobin 

immobilized in the hydrogel, and (iii) diffusion of mobile oxygen O2 from the hydrogel to the 

environmental solution.  

For the development of the model, at least six diffusive species is considered in the system, 

namely, oxygen (O2), hydrogen ion (H+), hydroxide ion ( OH ), a cation and an anion solutes. 

The mass conservation law is employed to described the mass transport between hydrogel-

solution [21] 

 
20 , , ,anion,cationk kr k O H OHN  (9) 

where kN indicates molar flux (mM/s) and kr  refers to rate of chemical reaction for the kth 

species. For a charged hydrogel system, under the influence of a concentration gradient coupled 

with an electrical field, the mass transport between the hydrogel and environmental solution is 

described mathematically by a Nernst-Planck-like equation [22]  

 
1

20 , , ,anion,cationk
k k k k

z F
D C C r k O H OH

RT
C  

(10) 

in which , ,k k kD C z  and kr   refer to diffusion coefficient (m2/s), mobile solutes concentration 

(mM), valence number, and rate of chemical reaction.  and,,, FTR  denote the universal gas 

constant (8.314 J/mol K), absolute temperature (K), Faraday constant (96,487 C/mol), and 

electrical potential of the hydrogel. 1
C  is inverse of the right Cauchy-Green tensor which arises 

due to fact that the system is developed in the reference configuration. 
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In order to capture impacts of electrical potential strength on mobile ions concentrations in 

the hydrogel, Eq 11, or so-called Poisson equation, is incorporated into the model which gives 

the relationship between the electrical potential of the polyampholyte hydrogel and the net 

charge density of the system [22, 23] 

 

k

BAkkr CCCz
C

F

1

1
0 C  

(11) 

where r  is relative dielectric constant of environmental solution and 0  is permittivity of 

vacuum, and C is number of moles of water molecule and  is volume of a mole of fluid 

molecules. 
AC  and 

BC  are concentrations of the fixed acidic and basic charge groups, 

respectively [24], where based on Langmuir theory it can be written as [25] 

 

HA

AA
A

CK

K

H

C
C

0

 and  

HB

HB
B

CK

C

H

C
C

0

 

(12) 

where KA, and KB, are the dissociation constant for fixed acidic and basic [26] groups, 

respectively. H is the local hydration of the hydrogel system which is defined as ratio of the 

volume of fluid fV  to the volume of solid oV  inside the hydrogel. Eq 12 defines the ionized 

fixed charge group density a function of initial concentration of fixed charge group, its ionization 

strength, hydration state and hydrogen ion concentrations in the hydrogel.  

In order to characterize the responsive actuation behaviors of the hydrogel, the osmotic 

swelling pressure acting on the hydrogel-solution interface is assumedly contributed by: (i) the 

elastic polymeric network chains, (ii) the ionic concentration difference between the 

microenvironment and the environmental solution, (iii) the interactions between the polymer and 

the solution, and (iv) the electrical interactions between the fixed charge groups and the mobile 

ions, which accounts for the anti-polyelectrolyte behaviors [27]. At swelling equilibrium, the 
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hydrostatic pressure p over the hydrogel-solution interface is defined as the sum of the osmotic 

pressure, given as [22] 

 3 3

1/3 2/3 2

24 24

1 1 1 1
tr 1n

3 1 11 1 1

k
k

k k

k B e

C
p RT RT C

H

RT C χ
N k T

C CC C C
C

 

(13) 

where  is inverse screening length, Nk is the number of polymer chains per volume of the dry 

polymer (2.43x1025 m-3), Bk T is the absolute temperature in unit of energy and χ polymer-

solvent interaction parameter which measures the dis-affinity between solvent-hydrogel. The 

first term on the right-hand side arises due to the imbalance of mobile species concentration 

between hydrogel-environmental solutions which accounts for the anti-polyelectrolyte behaviors; 

the second term is due to contractive force by the polymeric network chains to prevent 

dissolution of the hydrogel during hydration and the last term is due to the mixing between the 

polymeric network chains and solvent [28]. 

The inverse screening length can be written as [27] 

and  is given as [29] 

 23 9
1

2 5
k a a a  

(15) 

where  and a  refer to inverse screening length and ion radius 

It is well-established that, at swelling equilibrium condition, the osmotic force-induced 

swelling of the hydrogel progresses, until it is balanced by the contractive forces expressed by 

 2
2 2

0

k k f

r

F
C z C z

RT
 

(14) 
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the polymeric network chains to achieve an equilibrium hydration state, where the swelling 

deformation s  of the free surface between hydrogel-solution interface can be written as [22] 

 
0

gelk B
s

gel

LN k T

p L
 

(16) 

where k BN k T is ground shear modulus (i.e. 0.1 MPa), p is hydrostatic pressure, and gelL  and 

0
gelL  are final and initial lengths of the hydrogel, respectively.  

In this paper, only one-dimensional steady-state simulations of the multiphysics model are 

performed for the responsive characteristics of a cylindrical hemoglobin polyampholyte hydrogel 

in response to the environmental stimuli. The swelling deformation of the hydrogel is the radial 

direction and restricted in the axial direction, such that Neumann boundary conditions are taken 

at the center of the hydrogel NOHHk
XX

Ck ,...,,0,0 and the Dirichlet boundary 

conditions are assumed at the environmental solution edges ,kk CC 0 .  

 

3. Result and discussions 

3.1 Validation of the multiphysics model 

In order to validate the multiphysics model, the examination between the present numerical 

results and the published experimental data is performed for: (i) the oxygen O2 association with 

hemoglobin at different ambient levels and (ii) the pH-actuated swelling hydration deformation 

of the hemoglobin-loaded hydrogel.  

Fig. 1(a) visualizes the saturation of neonatal hemoglobin with the oxygen O2 by the present 

numerical results and the published experimental data [30], responding to the changes of ambient 

oxygen O2 level. In the experimental work conducted by Shiao and Ou (2007), the association of 
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oxygen O2 with the neonatal hemoglobin is measured from the ambient oxygen O2 level 30 to 

100 mmHg at environmental pH=7.4, whereas the inputs required by the model to characterize 

numerically the oxygen saturation of the hemoglobin are provided in Table. 1. As observed in 

Fig. 2(a), the results show that the saturation of hemoglobin with the oxygen O2 increases in a 

sigmoid-like pattern with the enlargement of the ambient oxygen O2 level. Thereby, the present 

numerical results are in a good agreement with the published experimental data, with a 

difference of ~ 1.3%, and thus the multiphysics model is able to capture well the oxygen-

responsive behaviors of the hemoglobin.  

In addition, Fig. 1(b) probes the pH-induced responsive swelling characteristics of the 

hemoglobin-loaded hydrogel via both the present numerical results and published experimental 

data [31], where the material parameters required by the model are given as μm250L , 

μm500
gelL , 

510AK , 
0
AC  180 mM, with concentration of immobilized hemoglobin 0.01 

mM [31], while the remaining inputs are provided in Table. 1. For the present simulation, the 

hydrogel is immersed in a 10 mM salt solution, where the environmental pH is taken from 1 to 

13 and ambient oxygen O2 level 160 mmHg, with temperature 37 °C. The pH-induced volume 

transition behaviors of the hemoglobin-loaded hydrogel are divided into four stages: (i) the 

hydrogel is at a collapse state with the increment of the environmental pH lesser than 3, as 

majority of the fixed charge group still remains unionized, (ii) the hydrogel undergoes a 

collapse-to-swelling transition behavior from environmental pH 3 to 7, due to increase of the 

concentration of ionized fixed charge group, (iii) the hydrogel remains at the swelling state from 

environmental pH 7 to 9, as the fixed charge is still dominantly ionized, and (iv) the hydrogel 

collapses with the further increase of the environmental pH, due to suppression of the osmotic 

swelling by the largely concentration of counter-ions in the environment solution.  
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After comparison with the experimental data, it is concluded that the multiphysics model can 

accurately characterize: (i) the oxygen O2 saturation of hemoglobin as function of ambient 

oxygen O2 level and (ii) the pH-induced volume transition behaviors of the hemoglobin-loaded 

hydrogel, and thus the model is validated.   

3.2 Dual oxygen- and pH-sensitive behaviors of polyampholyte pNIPAM hydrogel 

In general, the oxygen O2 is stored in the hemoglobin by forming the oxygen-hemoglobin 

complex (oxyhemoglobin), where typically the concentration of oxyhemoglobin in a free 

hemoglobin solution enlarges in the sigmoid-like fashion with increase of ambient oxygen O2 

level. However, the effect of ambient oxygen O2 coupled with the environmental pH on the 

responsive behaviors of the hydrogel remains unclear in the current literature. In order to address 

the paucity of information, the multiphysics model is necessarily performed, where the material 

parameters required by the model for the pNIPAM-based hydrogel are obtained from referenced 

experimental and numerical investigations, given as μm250L , μm500
gelL , 

610AK , 

810BK , 
0
AC  0.1 M and 

0
BC 0.1 M with concentration of immobilized hemoglobin 1 mM 

[32-35], while the remaining inputs are provided in Table. 1. For the present simulation, unless 

specified otherwise, the hydrogel is immersed in the salt solution of NaClC  = 100 mM at 

temperature 37 °C, where the environmental pH is taken from 1 to 13 and ambient oxygen O2 

from 0.1 to 1000 mmHg.  

Fig. 2 investigates the loading influence of the functional group on the dual oxygen- and pH-

responsive behaviors of the hemoglobin-loaded polyampholyte hydrogel. Fig. 2(a) visualizes the 

impact of the hemoglobin concentration on the oxygen-driven swelling deformation of 

polyampholyte hydrogel at environmental pH=7.4 (blood plasma pH), in which the hydrogel 

demonstrates the swelling response for the oxygen O2, ranging from 1 to 100 mmHg, even for 
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the hydrogels loaded with different hemoglobin concentrations. This suggests the independence 

between the hydrogel linear swelling deformation response and the hemoglobin concentration in 

the hydrogel. Fig. 2(b) examines the effect of fixed charge group density on the pH-actuated 

swelling deformation of the hydrogel at the oxygen O2 concentration of 160 mmHg (atmospheric 

level), where the increase of fixed charge group concentration causes the enlargement of the 

swelling deformation of the hydrogel. However, its pH-driven swelling deformation pattern 

remains unchanged for hydrogel incorporated with different fixed charge group concentrations. 

Therefore, Fig. 2 unveils that the linear swelling deformation response of the present hydrogel is 

independent of the functional component loading, including the fixed charge group density and 

the immobilized hemoglobin concentration. 

Fig. 3(a) visualizes the pH-driven morphology of hemoglobin-loaded polyampholyte 

hydrogel mechanical behaviors at different ambient oxygen O2 levels, where the hydrogel 

undergoes a bowl-shape like swelling deformation pattern with the increase of environmental 

pH. As observed in Fig. 3(a), the hydrogel experiences swelling, to collapse, and then re-

swelling, when the environmental pH is changed from acidic, to neutral, and then to basic one. 

One the one hand, the swelling-to-collapse volumetric swelling behavior is caused by the 

increase of the electrical attraction between the acidic-basic charged groups on the polymeric 

network chains [36], resulting in the hydrogel to shrink when the environmental pH is 

approaching neutral conditions. On the other hand, the hydrogel experiences collapse-to-swelling 

volumetric transition behaviors when the net charges in the polymeric system increases, 

enlarging in the electrochemical potential between the hydrogel-solution interface which then 

drives the ingestion of environmental solution into the hydrogel. Furthermore, when the ambient 

oxygen O2 level becomes higher than 100 mmHg, the immobilized hemoglobin reaches a 
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saturation state with the oxygen O2, which then results in the independence between the ambient 

oxygen O2 and the pH-induced swelling behavior of the hydrogel in the salt solution. Therefore, 

as seen in Fig. 3(a), this material could be employed as a simple and affordable biosensor for 

simultaneously sensing the oxygen O2 and pH in biological fluids, where the swelling 

deformation response of the hydrogel can be quantified, and then correlated to the concentration 

of physiological oxygen O2 and pH [37].  
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Fig. 3(b) examines the oxygen-actuated morphology of hemoglobin-loaded polyampholyte 

hydrogel mechanical behaviors at different environmental pH values, where it can be seen that 

the oxygen-responsive swelling deformation behavior of the hydrogel is categorized into three 

stages: (i) the swelling deformation remains unchanged with the increment of the ambient 

oxygen O2 level smaller than 0.1 mmHg, (ii) the hydrogel starts to swell significantly, when the 

ambient oxygen O2 level is larger than 1mmHg, and (iii) the swelling of the hydrogel remains 

almost unchanged with the further increase of the ambient oxygen O2 level above 100 mmHg, 

due to the saturation of the immobilized hemoglobin with the oxygen O2. Interestingly, the 

oxygen-actuated swelling deformation of the hydrogel coincides with each other, when the 

hydrogel is subjected environmental pH 2 and 12. As seen in Fig. 3(a), the pH-driven swelling 

deformation pattern of the hydrogel appears to be a mirror image at the environmental pH 7, 

such that the hydrogel demonstrates a similar swelling actuation behavior at the environmental 

pH 2 and 12 (which are 5 pH units away from the left and right of the environmental pH 7). As 

such, Fig. 3(b) shows that the hydration-induced swelling deformation of the hydrogel is highly 

responsive at the physiological oxygen O2 levels (i.e from 40 to 95 mmHg), and thus showing 

potential as a physiologically sound oxygen biosensor.  

Fig. 4(a) is plotted to address an important issue how the oxygen O2 affinity of the 

hemoglobin-loaded hydrogel changes with the environmental pH at different ambient oxygen O2 

levels. At the lower ambient oxygen O2 level, the oxygen-sensitive behavior of the hydrogel is 

highly responsive to the changes of environmental pH, where the oxygen O2 affinity of the 

immobilized hemoglobin is enhanced in a sigmoid-like pattern, when the environmental solution 

becomes more alkaline [38]. However, at the higher ambient oxygen O2 level, the majority of 

heme-active sites in the immobilized hemoglobin are associated with the oxygen O2, making the 
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immobilized hemoglobin be relatively insensitive towards the changes of environmental pH [39]. 

In other words, the sensitivity of the hydrogel-based biosensor works well within the 

physiological range of both the pH and oxygen O2 levels, and thus it is biocompatible with the 

human system [40].  

Fig. 4(b) investigates the oxygen O2 concentration in the hemoglobin-loaded polyampholyte 

hydrogel as a function of environmental pH at different ambient oxygen O2 levels. Similarly, at 

the lower ambient oxygen O2 level, the oxygen O2 concentration enlarges in a sigmoid-like 

pattern with the increase of environmental pH, reflecting the pH-sensitive oxygen O2 affinity of 

the hydrogel, as illustrated in Fig. 4(a). However, at the higher ambient oxygen O2 level, the 

oxygen O2 in the microenvironment is relatively abundant, which then results in the saturation of 

hemoglobin with the oxygen O2 to remain unchanged due to environmental pH increase. This 

makes the oxygen O2 concentration in the hydrogel be highly dependent on its hydration state, 

where the increase of hydration in the polymeric system dilutes the microenvironment, 

consequently decreasing the oxygen O2 concentration in the hydrogel, as seen in Figs. 3(b) and 

4(b). Therefore, to the best of our knowledge, the present hemoglobin-loaded hydrogel is one of 

few examples of biomaterials, which are capable to sense, capture, and also store oxygen O2, 

exhibiting potential as the oxygen-responsive biosensor or oxygen-rich biofuel cell platform. In 

terms of the biofuel cell system, the hemoglobin-loaded hydrogel can supply adequate amount of 

oxygen O2 that enhances the oxygen-induced chemical reaction, such as glucose- [41, 42], 

ethanol- [43], lactate- [44], or glycerol- [45] based generation of electrical power in the biofuel 

cells, making it a suitable material for biofuel cell platform development. 

Fig. 5(a) illustrates the effects of fixed hemoglobin density on the oxygenation rate of the 

hemoglobin-loaded polyampholyte hydrogel at environmental pH=7.4 with variation of ambient 
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oxygen O2 levels. The increase of the fixed hemoglobin density from 1.0 to 3.0 mM enlarges the 

linear slope of the oxygen O2 uptake rate response from 0.52 to 1.26 mMs-1/ mmHg (enhances by 

142.3%), which improves the loading of oxygen O2 into the hydrogel. In addition, Fig. 5(a) also 

shows that the hydrogel undergoes three stages of oxygenation rate, revealing that: (i) the 

hydrogel acts only as the oxygen O2 carrier with the increment of the ambient oxygen O2 level 

smaller than 1 mmHg, since the oxygenation rate of the hydrogel is insensitive towards the 

changes of this lower oxygen O2 levels (ii) the hydrogel behaves as both oxygen O2 carrier and 

sensor, as the rate of oxygenation of the hydrogel increases linearly with the further increase of 

the ambient oxygen O2 level, until it reaches 100 mmHg, and (iii) the hydrogel again, behaving 

only as an oxygen carrier O2 with the subsequent increase of the ambient oxygen O2 level above 

100 mmHg, as the oxygenation rate of the hydrogel becomes unresponsive towards the changes 

of these larger ambient oxygen O2 levels.  

Fig. 5(b) describes the impacts of fixed hemoglobin density on the oxygen O2 concentration 

in the hemoglobin-loaded polyampholyte hydrogel with variation of ambient oxygen O2 levels. 

Fig. 5(b) unveils that the oxygen O2 concentration in the hydrogel increases in a sigmoid-like 

shape behavior with the increasing ambient oxygen O2 level. To achieve the equilibrium state, 

the oxygen O2 is constantly dissociated from the hemoglobin, due to the higher oxygen O2 level 

in the fixed oxyhemoglobin than its microenvironment, consequently increasing the oxygen O2 

concentration in the hydrogel [46]. Indeed, the fixed hemoglobin also re-associates with the 

oxygen O2 to replenish the oxygen O2 loss from its active sites. However, the net oxygen-

hemoglobin interaction causes the oxygen O2 to diffuse down its concentration gradient from the 

hemoglobin to the microenvironment, enriching the hydrogel with oxygen O2, and thus shows 

potential as an oxygen O2 supplier-carrier.  
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4. Conclusions 

In this work, a multiphysics model is developed to investigate dual oxygen- and pH-stimulated 

response of hemoglobin-loaded polyampholyte hydrogel, accounting for the multi-physical 

interactions between immobile functional components and environmental solution. The model 

includes a Poisson-Nernst-Planck (PNP) equation for the transport of mobile species between the 

microenvironment and the environmental solution, which is coupled with a nonlinear mechanical 

equation to account for the conversion of biochemical cues into its mechanical counterpart. For 

model validation, a comparison between present numerical result and published experimental 

observation is conducted, in which a good agreement is achieved. As discussed above, the 

numerical result unveils that the hydrogel has a wide linear pH from 4 to 6 and 8 to 10 which 

covers both acidic and basic pH values, whereas the hydrogel swells linearly from ambient 

oxygen level of 1 to 30 mmHg. Thereby, the model allows systematic investigation of the 

hydrogel where the dual oxygen- and pH-stimulated responses of hemoglobin-loaded 

polyampholyte hydrogel can be elucidated. In future work, the multiphysics model can be 

utilized to get a greater insight into the fundamental mechanism of the hydrogel to systematically 

design and optimize such materials. 
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Fig. 1. The comparison between the present numerical result and the published experimental 

observations [30, 31]: (a) the oxygen saturation with neonatal hemoglobin as a function of ambient 

oxygen levels; (b) the pH-induced swelling deformation of the hemoglobin-loaded hydrogel. 

 

 

 

 

Fig. 2. (a) The effect of hemoglobin concentration on the oxygen-induced swelling deformation of the 

hemoglobin-loaded polyampholyte hydrogel (the horizontal axis is plotted in the log scale). (b) The 

influence of fixed acidic and basic groups densities on the pH-driven responsive behaviors of the 

hemoglobin-loaded polyampholyte hydrogel. 
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Fig. 3. The responsive behaviors of the hemoglobin-loaded polyampholyte hydrogel for: (a) the pH-

driven swelling deformation of the hydrogel at variation of ambient oxygen levels.; (b) the oxygen-

induced swelling behaviors of the hydrogel at different environmental pH values where it appears that 

the swelling performance of the hydrogels coincide with each other at environmental pH 2 and 12, and 

the inset of Fig. 3(b) visualizes the swelling behaviors at environmental pH 12 (the horizontal axis is 

plotted in the log scale).  
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Fig. 4. (a) The pH-induced oxygen saturation with immobilized hemoglobin in the polyampholyte 

hydrogel at different ambient oxygen levels and (b) The pH-driven oxygen loading in the 

polyampholyte hydrogel at several ambient oxygen levels. 

 

 

 

 

 

 

Fig. 5. (a) The rate of oxygen-loaded in the polyampholyte hydrogel as function of ambient oxygen 

level at different hemoglobin concentrations. (b) The oxygen-loaded (fixed and mobile forms) in the 

hydrogel with varying of immobilized hemoglobin concentrations, responding to the changes of 

ambient oxygen level (the horizontal axis is plotted in the log scale). 
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Table. 1. Input data for the numerical simulation of the multiphysics model. 

Parameter                                                                                                      Value                                                                                                                                       

Diffusion coefficients [47] 9.3x10-9 m2/s 

Diffusion coefficients 
  

[47] 5.2 x10-9 m2/s 

Flory interaction parameter  for pNIPAM [48] 0.906 

Permittivity 0r  (water) 7.1x10-10 A s/V.m 

Forward  rate  kOxyHb ;  Backward rate  kOxy  [49] 3.3x107 M-1 s-1; 50 s-1 

Association constant: K1; K2  [50] 
7.58

1

10
 ; 

7.72

1

10
 

Ion radius a [27] 

Solubility of oxygen O2    
3 A   
1.34 M/mmHg   
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