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The liver is a fundamental organ that performs a wide range of life-important functions such as blood 

detoxification from endogenous substances. In particular, Albumin-bound toxins such as bilirubin are involved 

in the aetiology of many liver failure associated pathologies. For this reason, albumin based dialysis devices are 

crucial to provide a temporary solution for patients affected by liver diseases. Adsorption units play a key role in 

such apparatus for the dialysate regeneration. In this work was 3-Aminopropyl-functionalized silica gel (40-

63µ𝑚) micro-particles bounded with albumin were tested as a novel adsorbent material for the removal of 

bilirubin from an albumin-containing solution. Frist of all, the adsorption equilibrium of albumin on silica gel 

surface was experimentally investigated and a maximum adsorption capacity of 290.6 mg/g was estimated using 

Langmuir isotherm. Then, batch tests were performed to evaluate the equilibrium conditions for the uptake of 

bilirubin by the albumin functionalized silica particles. In this case the behaviour of the system was best 

represented by a linear isotherm with an angular coefficient of 1.91 µmol/g.  

1. Introduction  

Ensuring that the levels of toxins in the blood are properly managed is a vital concern when caring for patients 

with liver failure. When the liver loses its ability to detoxify, harmful substances can accumulate in the 

bloodstream, potentially leading to a fatal outcome if prompt action is not taken. Currently, the treatment for 

acute and acute-on-chronic liver failure involves using extra-corporeal devices to safely bring patients out of the 

acute phase or serve as a bridge to organ transplantation (Jalan et al., 2004; Rozga, 2006; Stegmayr, 2005). 

The most adopted clinical option for blood detoxification involves a membrane separation process that takes 

the name of dialysis. Differently from the removal of small hydrophilic toxins such as urea, conventional dialysis 

is not enough to remove harmful substances that are tightly bound to blood proteins (e.g. albumin). Among 

these class of toxins there is bilirubin. The latter is one of the main components of bile and it is often used as a 

marker of the clinical state of liver-failure patients. Recognized that bilirubin plays a key role in the development 

of various liver-failure related conditions, distinct methods have been created to eliminate it together with all the 

other albumin-bound toxins. 

The best-known device that deals with liver failure patients is MARS (Molecular Adsorbents Recirculating 

System; Teraklin AG, Rostok, Germany, now Gambro AB, Lund, Sweden) (Novelli et al., 2009a, 2009b). This 

process consists of an albumin dialysis (Stange et al., 1993a, 1993b) coupled with an adsorption unit. More 

precisely, blood detoxification occurs in a special dialysis module provided with an albumin-impregnated 

membrane and a concentrated albumin solution as dialysate. The latter passes through two adsorption columns 

to eliminate all albumin bound toxins.  
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The first one is filled with Activated Carbons (AC) while the second one contains a cholestyramine anionic-

exchange resin which is responsible for the uptake of negatively charged substances such as bilirubin. The 

adsorption performances of solid adsorbents toward bilirubin removal were firstly investigated in clinical articles 

which lacked of a quantitative analysis that could induce to rational design criteria of the adsorption units. With 

this approach, the ability of Active carbons (AC) were evaluated for the removal of bilirubin from chloroform–

bilirubin (albumin-free) solutions (Dunlop et al., 1978), human serum albumin–bilirubin solutions (Ash et al., 

2006; Nikolaev et al., 1991; Sarnatskaya et al., 2002), bovine serum albumin–bilirubin solutions (Fesenko et al., 

1999). For this reason, in the works of Annesini et al. (Annesini et al., 2008) (Annesini et al., 2005) a 

mathematical model was developed for the description of the adsorption equilibrium referred to the total bilirubin 

concentration for the adsorption on non-ionic polymeric resin and activated carbons. Moreover, in further studies 

also the adsorption dynamics on AC in column system was investigated (Piemonte et al., 2010). 

In this work, the same modeling approach was used to evaluate the adsorption properties of a novel solid 

adsorbent made of silica particles whose surface was functionalized with albumin molecules. This strategy was 

adopted in order to maximize both the selectivity and the adsorption capacity toward the uptake of albumin-

bound compounds and in particular of bilirubin. 

2. Materials and Methods 

2.1 Materials 

All the materials and chemicals were purchased from Sigma Aldrich and all chemicals used were reagent grade 

Bovine serum albumin (fraction V defatted) and bilirubin (mixed isomers) were used without further purification.  

The solid support selected to host albumin for the adsorption of bilirubin was 3-Aminopropyl-functionalized silica 

gel (40-63µ𝑚), a white powder of silica microparticles with pore diameter of 60 �̇�. In order to facilitate the 

functionalization of the silica particles with albumin chemicals, promoters such as MES hemisodium salt, N-

(3dimethylaminopropyl)-N’-etilcarbodiimmide (EDC) and N-Hydroxysuccinimide (NHS), were employed.  

2.2 Methods 

Functionalization of silica particles 

The term “functionalization” was used to indicate the creation of chemical bonds between albumin and the 

surface of the silica particle. From a thermodynamic point of view, this process is nothing else than a 

phenomenon of chemisorption. First of all, 100 mg of silica micro-particles were dispersed in 2 mL of MES buffer 

solution (pH 6.1) provided of 0.4 M and 0.1 M of EDC and NHS respectively. Secondly, different solutions with 

an albumin concertation ranging between 2-50 g/L were prepared dissolving various amount of albumin in 2 mL 

of phosphate buffer saline (PBS) 0.15 M at pH 7.4. 

Adsorption tests at equilibrium were then performed at 25°C in a magnetically stirred flask mixing together the 

above-mentioned solutions in order to keep a fixed solid dosage of 25 g/L for different albumin starting 

concentration (1.2-25 g/L). Equilibrium tests lasted 24 h that was evaluated from preliminary runs (data not 

shown) to be enough time for reaching equilibrium conditions. Moreover, for each test three repetitions were 

conducted and the final concentration of albumin in the liquid solution was measured analysing the supernatant 

with the Infinite M200 PRO Tecan microplate spectrophotometer (Tecan Trading AG, Switzerland) at 595 nm. 

Finally, the amount of albumin adsorbed on the silica particles was evaluated by the mass balance reported in 

Eq. (1) and already adopted in several works (Mazzeo et al., 2022a, 2022b, 2020) 

 

𝑛𝑎 =
𝑉

𝑀𝑆
(𝐶𝑖𝑛 − 𝐶𝑎) (1) 

 

where 𝑉 (mL) is the liquid volume of the solution, 𝑀𝑆 (g) is the mass of the solid adsorbent, 𝐶𝑖𝑛 (mg/L) is the 

albumin concentration at the beginning of the test and 𝐶𝑎 (mg/L) is the concentration of albumin at equilibrium. 

Bilirubin adsorption: isotherm tests 

The solubility of bilirubin in water is very small. For this reason, albumin–bilirubin solutions were prepared 

dissolving firstly bilirubin in aqueous NaOH 20 mM and then adding the albumin solution prepared in the 

phosphate buffer (PBS) 0.15 M at pH 7.4. Several solutions with a different initial bilirubin concentration ranging 

from 15.8-58.1 mg/L were prepared. The latter were used to conduct the adsorption equilibrium tests at a fixed 

dosage adsorbent silica particles of 50 g/L The solution was magnetically stirred for at least 16 h (time enough 

to reach equilibrium) at pH 7.4. The samples were placed inside an incubator which kept constant the 

temperature at 37°C with 95% humidity and 5% CO2.  
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The residual concentration of bilirubin was evaluated by means of a spectrophotometric analysis at the 

wavelength of 458 nm. Each experiment was reproduced at least three times. 

3. Results and discussion 

3.1 Functionalization of silica particles 

The amount of albumin adsorbed on the surface of silica particles respect to the residual albumin concentration 

in the liquid phase at equilibrium is provided in Figure 1. Since it was performed a chemical adsorption (peptide 

bonds connect albumin to silica) the experimental data were fitted using the Langmuir isotherm reported in Eq. 

(2): 

 

𝑛𝑎 =  
 𝑛𝑎

𝑚𝑎𝑥  𝐶𝑎  

𝐾𝑎 + 𝐶𝑎
 (2) 

 

where 𝑛𝑎 (mg/g) is the amount of albumin adsorbed for unit adsorbent mass, 𝐶𝑎 (g/L) is the albumin 

concentration in the liquid phase at equilibrium, 𝑛𝑎
𝑚𝑎𝑥 (mg/g) is the maximum amount of albumin adsorbed for 

unit of adsorbent mass and 𝐾𝑎 (g/L) is the reciprocal of the Langmuir constant. The experimental data were 

fitted using a non-linear regression using the mean least square method for the minimization of the objective 

function as reported in Eq. (3) 

 

∅ = 𝑚𝑖𝑛 [
1

𝑁
∑ 𝜀𝑖

2

𝑁

𝑖=1

] (3) 

 

where 𝑁 is the number of experimental points and 𝜀𝑖 is the error calculated by the difference of the experimental 

data and the values predicted by the model. The results outcoming from fitting were: 𝑛𝑎
𝑚𝑎𝑥=290.6 mg/g and 

𝐾𝑎=5.558 g/L. In Figure 2 is provided a TEM micrograph in which the presence of albumin on the micro particles 

surface was confirmed. 

 

Figure 1: Albumin adsorption isotherm at 25°C and pH 7.4 using silica particles. 
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Figure 2: TEM micrography of silica particles loaded with albumin with different magnifications: a)x1000; 

b)x10000; c)x100000 

3.2 Bilirubin equilibrium 

The bilirubin adsorption isotherm at 37°C on silica micro particles functionalized with albumin is depicted in 

Figure 3.  

 

Figure 3: Bilirubin isotherm at 37°C using silica particles functionalized with albumin. 

In this case the equilibrium concentration of bilirubin considered is referred to both the free bilirubin and the 

bilirubin linked with albumin in the liquid phase. For this reason, the Langmuir expression for the adsorption 

isotherm presents the following form: 

 

𝑛𝐵 =  
 𝑛𝑚𝑎𝑥

𝐵  𝑓𝐵 𝐶𝐵  

𝐾𝐵 + 𝑓𝐵𝐶𝐵
  (4) 

 

where 𝑛𝐵 (µmol/g) is the amount of bilirubin adsorbed for unit of solid adsorbent mass, 𝐶𝐵 (µmol//L) is the total 

concentration of bilirubin in the liquid phase at equilibrium, 𝑛𝑚𝑎𝑥
𝐵  (µmol/g) is the maximum amount of bilirubin 

a) b) c) 
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adsorbed for unit of adsorbent mass, 𝐾𝐵 (µmol//L) is the reciprocal of the Langmuir constant and 𝑓𝐵  (-) is the 

fraction of free bilirubin in the liquid phase. The latter depends strictly on the binding constant which regulates 

the formation of the complex albumin-bilirubin in the liquid phase. For the system under examination, it was 

verified in previous studies that (Annesini et al., 2016): 

 

𝑓𝐵 =  
 1  

𝐾𝑖𝐶𝐴
 (5) 

𝑛𝐵 =  
 𝑛𝑚𝑎𝑥

𝐵  𝐶𝐵  

𝐾𝑖𝐾𝐵𝐶𝐴 + 𝐶𝐵
 (6) 

 

where 𝐾𝑖  (L/mol) is the binding constant and 𝐶𝐴 (mol/L) is the concentration of albumin in the liquid phase. As it 

is possible to observe in Errore. L'origine riferimento non è stata trovata., the experimental data do not follow 

a Langmuir type behavior but instead a linear one. This result is perfectly in accordance with Eq. (6) since 𝐾𝑖  

=108 M-1 (Annesini et al., 2016) ,𝐶𝐴=5.7·10-5 M which make possible that in the range of concentrations 

considered for 𝐶𝐵 that Eq. (6) can be simplified in: 

 

𝑛𝐵 ≅  
 𝑛𝑚𝑎𝑥

𝐵    

𝐾𝑖𝐾𝐵𝐶𝐴
𝐶𝐵 =

𝑚

𝐶𝐴
𝐶𝐵 (7) 

 

which has a linear trend with respect to 𝐶𝐵 and 𝑚 (µmol/g) can be considered as an adjustable parameter. In 

this case the experimental data were fitted by means of a linear regression. It resulted that 𝑚=1.91 µmol/g and 

the regression showed an R2=0.9426 that confirmed the goodness of fitting. As described in the work of Mazzeo 

et al. (Mazzeo et al., 2023), equilibrium information are crucial to proceed toward the design of a continuous 

apparatus.  

4. Conclusions 

In this work a novel approach for the adsorption of bilirubin from an albumin-containing solution was proposed. 

In particular, silica micro-particles were functionalized with albumin in order to promote the removal of bilirubin 

from the liquid solution. It was found out that the chemical functionalization of the particle surface can be 

described by the Langmuir isotherm model. Moreover, a maximum adsorption capacity and the reciprocal of the 

Langmuir constant were estimated to be 290.6 mg/g and 5.558 g/L respectively. Once verified the successful 

linkage between albumin and the silica particles by means of a TEM analysis, the adsorption of bilirubin was 

performed on the functionalized particles. The latter phenomenon showed a linear behavior at equilibrium and 

the angular coefficient of the isotherm was evaluated to be 𝑚=1.91 µmol/g. This article sets the basis for the 

application of novel material for the regeneration of the dialysate in blood detoxification application. Further 

studies should regard the comparison with other adsorbent materials of the same field of application and 

experimental analysis in a continuous operation mode. 
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