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The adsorption of proteins on carbon-based materials is a complex and multifaceted process critical to 

applications in biotechnology, medicine, environmental science, and materials engineering. This review 
comprehensively examines the physicochemical mechanisms governing protein adsorption onto various carbon 

materials, including activated carbon, graphene, and graphene oxide. Emphasis is placed on the surface properties 

such as porosity, surface chemistry, wettability, and electric charge, as well as protein characteristics including size, 

structure, charge, and conformational dynamics. The influence of environmental factors – pH, ionic strength, and 
protein concentration – on adsorption behavior and protein layer formation is discussed. Special attention is given 

to the role of oxygen-containing functional groups on carbon surfaces and their impact on electrostatic and 

hydrogen bonding interactions. An overview of the analytical techniques used to study adsorption, including atomic 

force microscopy (AFM), circular dichroism (CD), isothermal titration calorimetry (ITC), quartz crystal 
microbalance (QCM), and spectroscopic methods is also provided. The review describes the role of protein 

adsorption onto carbon-based materials for their biomedical applications, namely, for implant biocompatibility and 

development of biosensors. Finally, a rapid growth in the number of works studying sorption on graphene oxide in 

recent years, as well as an increasing interest in its use for sensor development is highlighted.  
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CD – circular dichroism  

CNTs – carbon nanotubes 
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pI – isoelectric point  

pKa – negative logarithm of the acid dissociation 

constant 

PSO – pseudo-second-order  

PZC – point of zero charge  

QCM – quartz crystal microbalance  

rGO – reduced graphene oxide  

RSA – Random Sequential Adsorption  

SEM – scanning electron microscopy  

TEM – transmission electron microscopy  

TRP – trypsin 

XPS – X-ray photoelectron spectroscopy  

XRD – X-ray diffraction. 

 

Introduction 

The adsorption of proteins onto hydrophilic and 

hydrophobic solid surfaces is of critical importance in 

fields such as implantable device fabrication, biomimetic 

material design, bioelectronics, tissue engineering, protein 

crystallization, and implant biocompatibility. Protein 

adsorption is governed by various protein–protein and 

protein–surface interactions, including hydrophobic 

interactions, electrostatic forces, hydrogen bonding, and 

van der Waals interactions. Additionally, numerous 

factors influence the structure and stability of the adsorbed 

layer, such as protein concentration, ionic strength, 

temperature, and surface characteristics of the substrate 

[1]. 

This review focuses on protein sorption on carbon-

based materials (CBMs). The most common type of them 

is naturally occurring three-dimensional (3D) carbon 

allotropes, graphite with sp2 hybridized and diamond with 

sp3 hybridized carbon networks [2]. A lot of recent 

research has been done on two-dimensional (2D) 

materials, graphene and graphene oxide (GO) [3-5]. A 

separate, relatively rare, case is one-dimensional (1D) 

carbon nanotubes (Fig. 1). Finally, many nanomaterials 

like fullerenes and carbon dots are considered zero-

dimensional (0D) CBMs [6]. 

 
Fig. 1. Carbon allotropes classified as 0D, 1D, 2D, and 3D 

carbon nanostructures. 

 

Most of the recent works in the field are focused on 

the application of CBMs for wound healing [7-9], drug 

delivery [10-12], tissue engineering [13-14], properties of 

GO and its applications for biosensor development [15-

16]. However, available reviews are focused only on 

specific types of materials like GO and its composites or 

carbon nanotubes [17-19].  

I. Proteins 

1.1. Size of proteins. Difference between proteins 

and peptides 

Proteins are high-molecular-weight amphoteric 

polyelectrolytes [20]. Both peptides and proteins are 

biological polymers composed of amino acids. Typically, 

species of 40 or fewer amino acids are referred to as 

peptides, whereas proteins contain 80 or more amino 

acids. Another way to distinguish between proteins and 

peptides is to account for their secondary structure. For 

proteins, secondary and tertiary structure are crucially 

important, while the properties of peptides usually do not 

depend on secondary structure at all. One more important 

difference between peptides and proteins relevant to the 

sorption properties is the accessibility of amino acids. All 

amino acids of peptides are generally accessible for 

interaction with the surface. Meanwhile, proteins, due to 

their ternary structure, have a lot of internal amino acids 

not exposed to the solvent or surface. It is worth noting 

that the distribution of exposed and internal amino acids 

in proteins is not random. Most of the hydrophobic amino 

acids are internal, while hydrophilic ones are 

predominantly exposed [21].  

The size of the most common globular proteins is 3–

5 nm. That corresponds to 150–350 amino acids. So, the 

contact area with the surface is about 10 nm2. Most 

proteins in tissues and blood are 10–40 kDa and bear 

relatively low net charges, like 1–2 per every 10 amino 

acids of the sequence. The density of charges on the 

surface of proteins or peptides is low compared to that of 

the small organic molecules, which results in weaker 

electrostatic interactions and, consequently, lower 

adhesion [22]. 

Bovine serum albumin (BSA) is commonly used as a 

model protein in adsorption studies because of its 

structural stability, easy availability, and low cost. But 

what is important, BSA constitutes approximately 52–

62 % of the total plasma protein content in blood, making 

it a relevant model protein. BSA is a globular protein with 

an approximate prolate spheroidal shape, measuring 

roughly 4 nm × 4 nm × 14 nm [23]. It has a molecular 

weight of 66 kDa [24] and consists of 583 amino acid 

residues arranged in a single polypeptide chain [25] and is 

characterized by considerable conformational flexibility.  
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Proteins are complex macromolecules composed of 

linear chains of amino acids and have several levels of 

structure. The primary structure refers to the specific 

sequence of amino acids in the polypeptide chain. 

Secondary structure arises from local conformations 

stabilized primarily by hydrogen bonding between the 

backbone amide and carbonyl groups, leading to regular 

motifs such as α-helices and β-sheets [26]. The tertiary 

structure represents the overall three-dimensional folding 

of a single polypeptide, driven by interactions among 

amino acid side chains, including hydrogen bonds, 

covalent disulfide bridges, hydrophobic effects, and 

electrostatic interactions. Quaternary structure describes 

the assembly and spatial arrangement of multiple 

polypeptide subunits into a functional complex, 

predominantly stabilized by non-covalent interactions, 

although disulfide bonds may also contribute. The native 

three-dimensional structure of monomeric proteins in 

most cases corresponds to the lowest energy 

conformation. However, protein folding is not a binary 

transition between native and unfolded states; instead, 

proteins can adopt numerous intermediate conformations 

corresponding to distinct low-energy states along the 

folding pathway [27]. Proteins with an α-helical 

conformation are more prone to changes in secondary 

structure when binding to a surface than proteins with a β 

or α/β conformation (see chapter 4 for detail discussion) 

[28]. 

 

1.2. Groups that determine adsorption. 

Hydrophobic, hydrophilic, acidic, and basic amino 

acids. Interaction with H-bond donors and acceptors 

The protein sorption on the surface of CBMs can be 

mediated by electrostatic forces, hydrogen bond 

formation, hydrophobic interactions (Fig. 2), and other 

processes like π-stacking [29]. 

Typically, CBMs exhibit slight acidity due to the 

presence of carboxylic groups and phenol-like hydroxyl 

groups. Therefore, the primary type of electrostatic 

interactions occurs between anionic surfaces and cationic 

residues, such as arginine (Arg), lysine (Lys), and 

histidine (His). Hydrogen bonds can be either between the 

hydroxyl groups present at the surface and H-bond 

acceptors in the protein (amide CO, carboxyl groups in 

glutamic acid (Glu), aspartic acid (Asp), amino groups of 

basic residues, etc.) or between H-bond donors in the 

protein and H-bond acceptors, mainly oxygen, at the 

surface (Fig. 2). In this case, H-bond donors in protein can 

include the NH group of the peptide bond or the amide 

side chain of asparagine (Asn) and glutamine (Gln); the 

carboxyl group of Glu and Asp; the hydroxyl group of 

serine (Ser), threonine (Thr), and tyrosine (Tyr). Finally, 

there is a possibility of π-stacking between aromatic 

amino acids and the graphite-like surface of the sorbent 

[21].  

 

1.3. Dependence of charge on pH 

The isoelectric point (pI) of a protein is defined as the 

pH at which the net electric charge of the protein is zero. 

Accordingly, proteins are positively charged at a pH 

below their pI and negatively charged at a pH above their 

pI. In most cases, adsorption is more favorable at or near 

the protein’s isoelectric point because of its lower 

solvation energy in less charged states. The isoelectric 

point is analogous to the point of zero charge (see chapter 

3) but describes the protein.  

The protein pI varies greatly from extremely acidic to 

highly alkaline values, ranging from about 4.0 to 12.0, 

depending on the amino acid composition, but for most 

proteins falls within the range of 4 to 7 [30]. Amino acid 

composition of a protein sequence primarily defines its pI, 

based on the combination of dissociation constant (pKa) 

values of the constituent amino acids. Among 20 common 

amino acids, two, aspartic acid (Asp) and glutamic acid 

(Glu), are negatively charged at physiological pH due to 

their carboxyl side chains, and three, lysine (Lys), arginine 

(Arg), and histidine (His), possess positively charged side 

chains [31].  

 

1.4. Effect of ionic strength on protein 

conformation and solubility  

An important factor to consider is the colloidal 

stability of proteins in buffer solutions, as buffers are 

widely employed to maintain proteins at a specific pH. 

Although the underlying mechanisms of protein 

stabilization by buffers are not fully elucidated, the most 

commonly accepted explanation involves the binding of 

buffer ions to oppositely charged amino acid residues on 

the protein surface. When salts are introduced into the 

buffer system, salt ions may compete with buffer ions for 

binding at these specific sites [32]. 

Ionic strength significantly influences protein 

behavior, particularly solubility, leading to phenomena 

such as "salting in" (enhanced solubility) or "salting out" 

(reduced solubility). A decrease in protein solubility with 

increasing ionic strength is often associated with changes 

in colloidal stability. At a given pH, a protein possesses a 

specific net charge, which typically promotes electrostatic 

 
Fig. 2. Types of protein-surface interactions and amino acids typically involved in them. 
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repulsion between molecules and stabilizes the solution. 

However, as the ionic strength increases, electrostatic 

shielding reduces these repulsive forces, allowing 

attractive protein–protein interactions to prevail. This shift 

can promote aggregation and ultimately decrease 

solubility [33]. Physiological ionic strength corresponds to 

approximately 150 mM NaCl solution. So, buffers 

containing this concentration of salt are frequently used in 

studies of proteins. 

II. Approaches to studying protein 

sorption 

2.1. Techniques  

The sorption of proteins on the CBMs is 

predominately studied using relatively stable globular 

proteins: bovine serum albumin (BSA) [34-36], human 

serum albumin (HSA) [37-39], lysozyme [40-42], trypsin 

(TRP) [43-45], bovine hemoglobin [46-48] and ubiquitin 

[49-51].  

There are three main groups of methods used to study 

different aspects of protein sorption on CBMs (Fig. 3). 

The interaction of proteins with CBMs is investigated 

using UV–Vis spectroscopy [52-53], fluorescence 

spectroscopy [54-55], isothermal titration calorimetry 

(ITC) [56-57], atomic force microscopy (AFM) [58-59], 

circular dichroism (CD)  [60-61], differential scanning 

calorimetry (DSC) [62-63], Fourier transform infrared 

spectroscopy (FTIR) [64-65], Raman spectroscopy [66-

67], scanning electron microscopy (SEM) [68-69], X-ray 

diffraction (XRD) [5; 70], quartz crystal microbalance 

(QCM) [71] or ellipsometry [72]. 

The size and monodispersity of carbon particles can 

be determined by transmission electron microscopy 

(TEM) [73-74] and dynamic light scattering (DLS) [75-

76]. The elemental composition of the CBMs is frequently 

analyzed using X-ray photoelectron spectroscopy (XPS) 

[77-78].  

The most common and widely used method to study 

adsorption equilibrium and kinetics is the batch adsorption 

experiment [79-81]. Usually, it is carried out in 

Erlenmeyer flasks containing known initial concentrations 

of protein solutions and a fixed mass of adsorbent (Fig. 4). 

The suspensions are agitated using a magnetic stirrer flask 

shaker to ensure thorough mixing and contact between the 

protein molecules and the adsorbent surface. Following a 

specified contact time, aliquots of the suspension are 

transferred into centrifuge tubes and subjected to 

centrifugation to separate the solid and liquid phases. 

During this process, the adsorption equilibrium is assumed 

to be achieved. The supernatant is then carefully collected 

and placed into a cuvette, where the residual protein 

concentration is determined spectrophotometrically. 

 

 
Fig. 4. Schematic representation of the adsorption 

experiments. 

Using a buffer solution such as phosphate-buffered 

saline (PBS) is appropriate for protein dissolution because 

it maintains pH stability, enhances protein structural 

integrity, and mimics physiological conditions [82-84]. 

The adsorption capacity is calculated using Eq. (1) 

[85]: 

 

 q
e
=

(Co – Ce) ∙ V

m
    (1) 

 

where qe is the adsorption capacity (mg/g); Co is the initial 

concentration of the adsorbate (mg/L); Ce is the 

equilibrium concentration of the adsorbate (mg/L); V is 

the total volume of solution (L); m is the mass of the 

adsorbent (g) [86]. In some cases, the concentration of the 

adsorbate and the adsorption capacity are expressed in 

molar (M) or millimole (mmol) units, for example, in 

works [87-88]. However, this practice is less common 

compared to the conventional use of mg/L and mg/g units, 

respectively. 

The binding equilibrium can be studied using many 

other techniques. For example, DSC was used for 

investigating interactions between albumin and carbon 

material [37]. This method provides information on the 

amount of heat released or adsorbed during the process. 

DSC can be used to measure the calorimetric enthalpy of 

thermal denaturation of a protein both in solution and on a 

surface [89]. 

A very similar analytical technique, ITC, directly 

measures the heat exchanged during chemical or 

Protein solution Agitation

Adsorbent 

CentrifugationAbsorbance measurement

 
Fig. 3. Overview of methods used to study different aspects of protein sorption on CBMs. 
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biochemical interactions. It is suited for investigating the 

thermodynamics of ligand binding to biological 

macromolecules, as it enables comprehensive 

characterization of the interaction. ITC provides key 

parameters including the binding affinity (Ka or Kd), 

enthalpy change (ΔH), and entropy change (ΔS), offering 

valuable insight into the forces driving molecular 

recognition and complex formation [90]. It was used to 

study the adsorption of proteins on GO samples [49].  

Among various techniques, protein adsorption 

kinetics can be effectively studied using QCM or 

ellipsometry. QCM quantifies minute mass changes on 

flat, fixed surfaces by monitoring frequency shifts of a 

quartz crystal. It is highly sensitive, but its application is 

limited by substrate compatibility and susceptibility to 

temperature and pressure fluctuations. On the other hand, 

ellipsometry is based on analyzing changes in polarized 

light upon reflection. It provides complementary 

information to QCM, allowing determination of optical 

properties and layer thicknesses with angstrom-level 

resolution. The method is non-destructive, suitable for 

real-time monitoring, and can also resolve spatial patterns 

of protein binding. However, a key limitation is the 

requirement for prior knowledge of the substrate’s optical 

properties and the need for careful modeling to extract 

reliable data [72]. 

DLS provides information about the size distribution 

of carbon particles, for example, graphene or graphene 

oxide aggregates, as well as their zeta potential [91]. 

Molecular dynamics simulations are a distinct class of 

approaches to study protein sorption on CBMs. It can be 

used to interpret or explain the results of experiment-based 

techniques as well as to provide independent insights into 

the protein conformation changes upon binding. For 

example, molecular dynamics was employed to 

investigate the adsorption mechanism of BSA on a 

hydrophobic graphite surface [92]. It revealed that BSA 

undergoes significant spreading and partial unfolding 

upon free adsorption onto the hydrophobic graphite 

surface. The α-helical content, originally ~66 % in the 

native state, is reduced to approximately 25 % post-

adsorption. Notably, these conformational changes are 

predominantly localized in the region of the protein in 

direct contact with the surface, while the upper portion 

largely retains its native secondary structure. Such 

information is complementary to experimental CD 

measurements that provide the overall α-helical content 

but cannot show the conformation of particular regions. 

 

2.2. Models of equilibrium adsorption 

The adsorption capacities of the materials are 

frequently studied under equilibrium conditions. The 

dependences of the amount of the adsorbed protein on its 

equilibrium concentration in solution at a constant 

temperature, so-called adsorption isotherms, provide an 

idea of the thermodynamic parameters and help to 

elucidate the interaction mechanism between the 

adsorbent and the adsorbate. These isotherms establish a 

relationship between the amount of adsorbate adsorbed 

per unit mass of adsorbent (qe) and the equilibrium 

concentration of the adsorbate in solution (Ce), which 

serve as key indicators for characterizing the adsorption 

system. Liquid–solid adsorption isotherms are also 

employed to investigate the adsorption mechanism and to 

obtain information about the surface properties of the 

adsorbent and the nature of the adsorbate [93]. The 

equilibrium adsorption data is most frequently analyzed 

using the Langmuir and the Freundlich models. The 

Langmuir isotherm describes monolayer adsorption onto 

a surface with a finite number of identical, energetically 

equivalent adsorption sites, assuming no interaction 

between adsorbed molecules. The Freundlich isotherm is 

an empirical model that accounts for adsorption on 

heterogeneous surfaces with varying affinities and 

energies of adsorption sites (Fig. 5) [94]. These models are 

described by Eqs. (2) and (3), respectively [95]. 

 

 qe=
qmaxKLCe

1 + KLCe
  (2) 

 

 q
e
= Kf × Ce

n   (3) 

 

where qmax is the maximum adsorption value (mg/g); КL is 

the Langmuir constant (L/mg); Kf is the Freundlich 

constant (
mg/g

(
mg

L
)

n); n is the Freundlich intensity parameter; 

Ce is the equilibrium concentration of the adsorbate 

(mg/L) [96]. 

 

 
Fig. 5. Comparison of monolayer and multilayer 

adsorption models 

 

The Langmuir and the Freundlich isotherms are 

frequently used in their linearized forms, Eqs. (4) and (5), 

respectively [97].  

 

 
Ce

qe

 = 
1

qmaxK
L

 + 
Ce

qmax

   (4) 

 

 logq
e
 = logKF + 

1

n
 logCe   (5) 

 

The key indicator of the Langmuir isotherm is the 

separation factor (RL), which quantifies the favorability of 

an adsorption process (Eq. 6) [97].  

 

 RL = 
1

1 + KLCo
   (6) 

 

The RL values indicate the nature of the adsorption 

process: adsorption is unfavorable when RL > 1, linear 

when RL = 1, favorable when 0 < RL <1, and irreversible 

when RL = 0. 

However, both the Langmuir and the Freundlich 

models exhibit significant limitations in accurately 

describing protein adsorption. Namely, the Langmuir 

model does not take into account that: (i) protein 

adsorption is often irreversible, (ii) the surface of the 

Free adsorbate

AdsorbentAdsorbent

Monolayer adsorption Multilayer adsorption

Protein-surface
interactions only

Protein-surface and
protein-protein

interactions

Adsorbate 
on the surface

No cooperativity

Binding cooperativity

Second layer of 
adsorbate
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material is rarely homogeneous, and (iii) processes such 

as protein unfolding and/or reorientation can occur. 

Unlike the Langmuir model, the Freundlich equation does 

not assume a uniform surface, making it more appropriate 

for systems in which proteins adsorb onto multiple 

nonequivalent binding sites. However, it assumes that 

saturation is never reached, but this assumption is 

unrealistic, particularly at high surface coverage [27]. 

Intermolecular interactions among adsorbed proteins 

dictate the maximum surface coverage and can lead to the 

formation of multilayer or bilayer structures. As a result 

of the complex electrostatics, protein adsorption often 

yields an irreversibly bound fraction – comprising 

molecules in direct contact with the surface – and a 

reversibly adsorbed fraction. This dual adsorption 

behavior frequently gives rise to non-classical adsorption 

isotherms, characterized by significant adsorption even at 

low bulk protein concentrations, and deviating markedly 

from ideal Langmuir-type models [98].  

Several alternative models have been proposed to 

better account for both surface heterogeneity and the 

existence of a maximum adsorption capacity. Garrison 

Sposito introduced a modified version of the Freundlich 

equation that incorporates a saturation term to reflect 

maximum surface coverage [99]. Another approach, 

known as the Langmuir–Freundlich model, is derived 

from the Langmuir equation by adding an empirical 

heterogeneity factor. Despite their theoretical 

improvements, such models are still less commonly 

employed than the original Langmuir or the Freundlich 

isotherms, which remain widely used despite their 

underlying simplifications.  

The Langmuir–Freundlich isotherm, also known as 

the Sips isotherm, is expressed by the following general 

equation [100]: 

 

 q
e
 = 

qMLFKLFCe
MLF

1 + KLFCe
MLF

   (7) 

 

where qMLF is the maximum adsorption capacity (mg/g); 

KLF is the equilibrium constant; MLF is the heterogeneity 

parameter (0 < MLF ≤ 1). 

For homogeneous surfaces, the Random Sequential 

Adsorption (RSA) model was developed to address the 

limitations of the Langmuir isotherm. While RSA still 

assumes irreversible adsorption, it does not require an 

idealized, organized surface coverage, making it more 

realistic for systems where steric hindrance and spatial 

exclusion are significant factors [101]. The model is 

particularly applicable when proteins retain their native 

structure and orientation upon adsorption. However, more 

advanced models are required when protein unfolding, 

surface rearrangement, or desorption occurs. In such 

cases, multi-stage models are better suited to describe 

reversible adsorption processes and account for 

conformational changes during and after adsorption [102]. 

One such refinement is the rollover model, which accounts 

for protein reorientation on the surface, typically 

involving transitions from an end-on to a side-on 

configuration. This model has been applied, for instance, 

to describe the adsorption behavior of fibrinogen at high 

surface concentrations, where a secondary rearrangement 

stage occurs to minimize the interfacial free energy [103]. 

These models offer more nuanced insights into the 

dynamic and complex nature of protein–surface 

interactions, beyond the assumptions of classical isotherm 

models. 

2.3. Sorption kinetics 

The adsorption process involves the mass transfer of 

solute molecules from the liquid phase to the surface of 

the adsorbent. Kinetic models such as the pseudo-first-

order (PFO) and pseudo-second-order (PSO) equations 

are widely used to investigate the adsorption kinetics of 

proteins onto CBMs [38]. 

The PFO equation, also known as the Lagergren first-

order rate equation, is commonly used to describe 

adsorption processes in liquid-phase systems [104]. The 

differential form of the PFO kinetic equation is expressed 

as [105]: 

 

 
dqt

dt
 = k1(q

e
− q

t
)  (8) 

 

where qe and qt are the amount of protein adsorbed per unit 

mass of adsorbent at equilibrium and at time t, respectively 

(mg/mg); k1 is the PFO rate constant (min–1); t is the 

contact time between the adsorbent and adsorbate (min).  

By integrating Eq. (8) and using the boundary 

conditions, t = 0 to t = t and qt = 0 to qt = qt, the integrated 

linear form is obtained and is represented in Eq. (9) [38]: 

 

 log(q
e
− q

t
)= logq

e
−

k1

2.303
t  (9) 

 

The PSO kinetic model, also known as the Ho and 

McKay equation, is regarded as the most appropriate 

model for describing the adsorption of species in solution, 

particularly when chemisorption is the rate-limiting step 

[106]. The differential form of the PSO kinetic equation is 

expressed as [105]: 

 

 
dqt

dt
 = k2(q

e
− q

t
)
2
   (10) 

 

where k2 is the PSO rate constant (min–1). 

By integrating Eq. (10) using the same boundary 

conditions as in Eq. (9), the following linear form of Eq. 

(10) is obtained [38]: 

 

 
t

qt

 = 
1

k2qe
2
 + 

1

qe

    (11) 

 

PFO and PSO models assume that the changes of 

adsorbate concentration during the process are negligible. 

Meanwhile, in diluted solutions, it is not correct.  In cases 

where protein transport is solely governed by diffusion, 

the kinetics can be described by the Smoluchowski model 

[27]. It can be applied only when the protein concentration 

in solution is low and the surface coverage is close to zero. 

So, the number of occupied binding sites is negligible.   

 

 Г(t) = 2Cb√
Dt

π
   (12) 

 

where Γ(t) denotes the interfacial concentration of the 

protein at time t; D is the diffusion coefficient; Cb 

represents the protein concentration in the bulk solution. 
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In the more general case, protein adsorption onto solid 

surfaces typically proceeds through three sequential steps. 

The first involves the transport of protein molecules from 

the bulk solution to the solid–liquid interface, governed by 

diffusion and potentially enhanced by convective forces 

such as stirring or flow. The second step is the actual 

adsorption of the protein onto the surface. The final step 

concerns possible conformational rearrangements. When 

the transport step is slower than the interfacial adsorption 

reaction, it becomes the rate-limiting step, thereby 

controlling the overall adsorption kinetics [27].  

The kinetics of protein sorption in real biological 

systems that contain multiple proteins is much more 

complex. The most practically important system is human 

blood, which contains thousands of proteins. When 

medical materials come into contact with blood, plasma 

proteins adsorb to their surface within seconds, but the 

stable equilibrated state is reached only in several hours. 

Plasma proteins vary in size and structure and can interact 

with a surface in diverse ways, leading to protein 

adsorption layers (PALs) of different composition, 

thickness, and stability. The changes are the composition 

of PALs over time proceed through three main stages 

(Fig. 6) [107]. 

First, plasma proteins present in high concentrations 

reach the surface and bind to it the earliest. HSA is one of 

the most abundant proteins in blood. However, in its 

natural conformation, it has a weak affinity for most 

CBMs and will quickly desorb, reaching equilibrium 

[107]. 

The second stage involves binding of plasma proteins, 

such as fibrinogen, which are present in a low 

concentration yet have high surface affinity [108-109]. 

Such proteins can continuously occupy the remaining 

space on the surface or directly replace proteins with 

weaker surface affinities, like HSA. With time, they 

constitute a stable substratum of PALs (Fig. 6, stage 2). 

The third stage is similar to the second; plasma 

proteins can continue to adsorb to this substratum itself, 

subject to electrostatic, hydrophobic, and H-bonding 

interactions. Meanwhile, as the PAL thickens, the 

interaction of outer proteins with the surface weakens. In 

contrast, the role of protein-protein interactions and 

multilayer formation increases, leading to further 

stabilization of PAL composition, thickness, and structure 

[107]. In the case of nanoparticles, the layers are 

frequently called “corona” [110]. 

However, new reports suggest that upon contact with 

blood, serum albumin is likely to rapidly adsorb and 

spread across the graphite surface, forming a stable 

monolayer. This pre-adsorbed albumin layer can 

effectively occupy available binding sites, thereby 

limiting the subsequent adsorption of proteins such as 

fibrinogen and reducing the risk of blood clots on implant 

surfaces [92]. 

III. Carbon-based sorbents 

Carbon is one of the most important natural elements. 

It has four valence electrons, which enable the mixing of 

atomic orbitals (2s and 2p) to form hybrid orbitals (sp, sp2, 

and sp3) [111]. The overlap of carbon atom hybrid orbitals 

results in the formation of strong σ-bonds, while any 

remaining unhybridized p atomic orbitals can participate 

in the formation of π-bonds. Unlike most other elements, 

which are typically found in molecular forms such as 

oxides, carbon is one of the few elements that occurs in its 

elemental form on Earth [112].  

Carbon-based materials (Fig. 1) are characterized by 

high electrical conductivity, micro- and mesoporosity, and 

large specific surface [113]. They are widely used as 

adsorbents, particularly for air and water purification, 

filter production, as electrodes for lithium power sources, 

supercapacitors, fuel cells in electrochemistry, and as 

carriers of catalysts [114-115] and also in analytical 

chemistry [116]. CBMs of microporous structure can be 

prepared using the methods of thermal or thermochemical 

modification. Treatment of CBMs with H2O or CO2 at 

temperatures of 800–1100 °C leads to an increase in the 

pore volume in a carbon matrix, due to the interactions 

[117]. Porous carbon materials are primarily obtained 

through the pyrolysis (carbonization) of amorphous 

carbon at different temperatures, followed by thermal or 

chemical activation [118]. 

The surface chemistry of carbonaceous materials is 

fundamentally governed by the nature and distribution of 

acidic and basic surface sites. Acidic behavior is 

commonly associated with oxygen-containing surface 

complexes such as carboxylic acids, lactones, and 

 
Fig. 6. Three key phases of protein sorption from a complex mixture with formation of protein adsorption layer(s) 

(based on the data from [107]). 
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phenolic groups (Fig. 7). When dispersed in an aqueous 

medium, these functionalities can induce surface charge 

development, which depends on the pH [119]. 

Conversely, basicity is typically associated with 

functionalities including pyrones, chromenes, ethers, and 

carbonyl groups. Despite extensive investigation, the 

origin and nature of basic sites on carbon surfaces remain 

less well understood in comparison to their acidic 

counterparts, epoxides, and ethers [120].  

The electronic behavior of these groups is governed 

by the hybridization state of the oxygen atoms involved. 

Oxygen atoms with sp2 hybridization typically exhibit 

electron-withdrawing (acceptor) characteristics, whereas 

those with sp3 hybridization act as electron-donating 

(donor) centers [121]. This distinction is critical for 

understanding the reactivity and stability of various 

oxygen-containing functional groups on carbon surfaces.  

 

 
Fig. 7. Types of oxygen-containing functional groups on 

CBMs 

 

Moreover, the spatial distribution of functional groups 

across the graphite sheets of carbon materials is non-

uniform. Carbonyl and carboxyl groups are predominantly 

localized at the peripheries of graphite sheets (Fig. 7), 

where local reactivity is enhanced. In contrast, single-

bonded groups like hydroxyl and epoxy functionalities are 

more broadly dispersed across the basal planes of the 

graphitic sheets [122]. The incorporation of double-

bonded oxygen functionalities destroys the large-scale 

conjugated structure of the six-membered graphite ring, 

thereby increasing the energetic demands of such 

modifications. Consequently, these groups preferentially 

form at reactive edge sites, where the formation energy 

barrier is relatively lower [123]. The steric hindrance 

effect also influences the distribution position of oxygen-

containing functional groups. The groups with elevated 

steric hindrance, such as carboxyl and carbonyl, due to 

their spatial demands, exhibit limited stability when 

embedded within the densely packed basal plane. These 

species tend to undergo structural rearrangement or 

conversion into less sterically hindered forms, such as 

hydroxyl groups, which are more easily accommodated 

within the graphitic lattice [122]. 

The adsorption properties of solid–liquid systems are 

significantly influenced by the presence of surface electric 

charges on both the adsorbent and the adsorbate. When 

carbon material is placed in contact with water, its surface 

undergoes ionization, which depends on the pKa values of 

its functional groups. Although the charged surface 

appears electrically neutral overall, it is surrounded by 

ions of the opposite charge [124]. The pH at which the net 

surface charge of carbon material is zero is known as the 

point of zero charge (PZC) (Fig. 8) [125]. At a pH higher 

than PZC, the surface bears a negative charge and more 

effectively adsorbs cations, while at a pH below PZC is 

cationic and has a higher affinity to anionic compounds. 

CBMs contain on their surface mostly hydroxylic and 

carboxylic groups that can be deprotonated but do not 

normally act as bases.  

 
Fig. 8. Schematic representation of pHpzc of carbon 

materials. 

 

Therefore, for most CBMs, PZC is in acidic pH. For 

example, PZC for GO is 2.00 – 4.3 [126-127] that is 

significantly lower than PZC for ТіО2 (5.35) [128-129]. 

Reported values for the PZC of activated carbon vary 

significantly across the literature, ranging from pH 2.2 to 

8.4 [130-133]. 

The pHpzc of modified carbon materials can range 

widely, influenced by their specific preparation and 

modification processes, which can reach basic pH values. 

For example, GO–NH2–Fe3O4 has 8.2 [134], nitrogen-

doped activated carbon (AC5–600) has 9.7 [135], 

thermally treated activated carbon has 10.0 [133], GO–

MgO has 10.5 [136]. 

 

3.1. Activated carbon  

Activated carbon is a porous material with a high 

surface area that physically adsorbs molecules through 

noncovalent interactions [137]. It is produced from 

carbon-rich organic materials such as coconut shells, 

wood, coal, peat, and other sources [138]. Activated 

carbons are available in various forms and are typically 

classified based on the size and shape of their particles, 

which can be in the form of powder, pellets, or granules 

[139]. 

Carbon adsorbents possess a porous carbon structure 

that contains small amounts of heteroatoms such as 

oxygen and hydrogen. Some activated carbons also 

contain varying amounts of mineral matter (commonly 

referred to as ash content), which depends mainly on the 

nature and origin of the precursor material used in their 

synthesis. The porous structure is the main physical 

property that characterizes activated carbons. It is formed 

by pores of different sizes [140]. According to the 

recommendations of the IUPAC, porous materials are 

classified into three major categories (Fig. 9): micropores 

(<2 nm), mesopores (2–50 nm), and macropores 
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(> 50 nm) [141]. 

 

 
Fig. 9. Schematic presentation of pore structure and 

surface functional groups of activated carbon. 

 

3.2. Graphene and graphene oxide 

Graphene is a monolayer of carbon atoms arranged in 

a two-dimensional (2D) honeycomb lattice [142], 

characterized by sp2 hybridization and a C–C bond length 

of approximately 0.142 nm [143]. It is the thinnest and one 

of the strongest known nanomaterials that exhibits a range 

of exceptional properties, including outstanding thermal 

and electrical conductivity, ultrafast electron mobility, and 

remarkable mechanical strength [144]. There are two main 

approaches to producing graphene – “top-down” and 

“bottom-up” [145]. The top-down method involves 

exfoliating graphite or its derivative, GO, to obtain 

graphene or its modified forms. The bottom-up method 

involves the formation of graphene through the 

condensation of carbon atoms during the thermal 

decomposition of a carbon-containing precursor [146].  

One of the most studied derivatives of graphene is 

graphene oxide, an oxidized form of graphene 

functionalized with various oxygen-containing groups—

primarily epoxides and hydroxyls on the basal plane, and 

carboxyl groups along the sheet edges (Fig. 10). In recent 

years, GO has garnered considerable attention due to its 

unique physicochemical properties. The abundance of 

oxygen-containing groups, particularly hydroxyl (–OH) 

and carboxyl (–COOH) groups, gives strong 

hydrophilicity to the material. As a result, GO readily 

disperses in water and a wide range of polar solvents, 

forming stable colloidal suspensions. The presence of 

reactive functional groups facilitates its versatile 

functionalization via covalent and noncovalent 

interactions with various molecules and biomolecules. 

Reduced graphene oxide (rGO) is a chemically modified 

form of GO, typically obtained through thermal, chemical, 

electrochemical, or other reduction techniques aimed at 

decreasing the content of oxygen-containing functional 

groups (Fig. 10). The partial restoration of the sp2-

conjugated carbon network during the reduction process 

imparts rGO with significantly enhanced electrical 

conductivity compared to GO. Despite the reduction, rGO 

retains a certain amount of residual oxygen functionalities, 

which contribute to its high specific surface area, 

improved electronic conductivity, and favorable 

mechanical properties [143]. The use of different reducing 

agents allows for controlled variation in the carbon-to-

oxygen ratio, and overall chemical composition of 

reduced GO can be effectively tuned [147]. The sorption 

capacity of GO strongly, but non-linearly, depends on the 

oxidized state [148]. 

Graphene-based materials are for biotechnological 

and biomedical applications such as drug delivery, 

bioimaging, and biosensing [150]. GO modified with 

different substances is used as a sensor, including for 

vitamins [151], proteins in solution [152], and protein 

aggregation [153].   

The adsorption kinetics of bovine serum BSA onto 

GO follow a PSO model, indicating a rapid process with 

high adsorption capacity [154]. A decrease in the melting 

temperature (Tm) and enthalpy change (ΔHm) suggests 

that BSA adsorbed on the GO surface becomes more 

susceptible to thermal denaturation. Notably, the presence 

of GO induces significant conformational alterations and 

activity changes of BSA. On the other hand, adsorption of 

BSA on the GO modifies its surface charge, decreasing 

GO aggregation [155]. Some works reported cytotoxicity 

of GO due to the formation of reactive oxygen species 

[156]. The fundamental step in the development of 

biosensors involves the physicochemical immobilization 

of biomolecules – particularly proteins – onto carbon-

based electrodes. Nakanishi et al. [157] have highlighted 

the potential of protein adsorption onto nanocarbons, such 

as graphene, carbon nanotubes, and fullerenes, as an 

effective strategy for chemical functionalization of 

surfaces intended for nanosensor applications. Even on 

planar surfaces, the overall adsorption behavior typically 

results from the interplay of multiple interaction types. 

The surface chemistry and wettability are key factors 

determining the nature and strength of protein binding. In 

porous materials, additional effects such as size exclusion 

and confinement further influence adsorption behavior 

Macropore
>50 nm

Mesopore
2-50 nm

Micropore
<2 nm

 
Fig. 10. Schematic representation of surface changes upon graphene oxidation and reduction that shows the 

formation of carboxy groups on the edges and hydroxy (epoxy) groups on the basal plane, as well as the presence of 

a significant amount of oxygen-containing groups in reduced graphene oxide (based on the data from [149]). 
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[158]. 

IV. Sorption on carbon-based materials 

Protein adsorption at solid interfaces is a phenomenon 

of fundamental importance in numerous fields, including 

biotechnology, materials science, medicine, 

pharmaceutics, and food technology [159]. The adsorption 

capacity and selectivity are strongly influenced by the 

pore size of the adsorbent. For the efficient adsorption of 

large biomolecules such as proteins, the pore diameter 

should fall within the mesoporous range and be equal to 

or greater than the dimensions of the adsorbate molecule 

(3–10 nm for most proteins). An additional factor 

influencing protein adsorption is the electrostatic 

interaction between the adsorbate molecule and the 

surface of the adsorbent. Maximum adsorption is often 

observed near the pI of the protein; it can be due to 

suppression of electrostatic repulsion between protein 

molecules bound to the surface or between the protein and 

the adsorbent surface, as well as because of decreasing 

protein solubility (hydration energy). There are two main 

approaches to determine the threshold pore size required 

for protein adsorption. The first involves studying the 

adsorption behavior of proteins with varying molecular 

sizes. However, this method is less conclusive, as proteins 

differ not only in size but also in charge, shape, and 

hydrophobicity, making it difficult to isolate the effect of 

size alone. The second approach, more suitable for 

controlled investigations, involves studying protein 

adsorption on a series of adsorbents with well-defined and 

uniform pore sizes spanning the dimensions of the target 

protein. This method enables a more direct assessment of 

the pore size threshold necessary for effective adsorption 

[160]. 

Despite its relevance, the mechanisms governing 

protein adsorption and desorption remain incompletely 

understood due to the complexity and multifactorial nature 

of the interfacial interactions involved. These systems 

comprise multiple components (e.g., the solid surface, 

protein, and solvent), each with distinct physicochemical 

properties such as polarity and charge, highly dependent 

on environmental conditions, including pH, ionic strength, 

and temperature. Upon contact with a protein solution, the 

solid surface is initially wetted by solvent molecules. 

Proteins then diffuse toward the interface, displace the 

solvent, and adsorb onto the surface. Following initial 

adsorption, further processes such as conformational 

rearrangement, multilayer formation, or competitive 

displacement may occur, leading to the evolution of a 

complex adsorbed protein layer. Importantly, proteins can 

establish multiple contact points with the surface, 

resulting in a substantial Gibbs free energy of adsorption 

[161]. 

The surface properties and molecular characteristics 

of proteins influence the attachment time and the nature of 

interactions, often leading to conformational changes 

upon adsorption. A longer residence time generally 

promotes more pronounced conformational alterations, 

which in turn increase the strength of protein–surface 

interactions. At the molecular level, several parameters 

influence the extent and nature of protein adsorption 

[162]:  

Protein size – Larger proteins provide more surface 

contact points, enhancing adsorption. 

Surface charge of the protein – Adsorption is more 

favorable at or near the protein’s isoelectric point. 

Structural stability – Less stable proteins unfold more 

easily, exposing binding sites.  

Unfolding rate – Rapidly unfolding proteins adsorb 

more quickly. Likewise, the characteristics of the solid 

surface also play a significant role in determining the 

adsorption behavior: 

Surface topography – Greater surface area promotes 

more adsorption. 

Surface composition – The chemical composition of 

the surface determines the nature of intermolecular 

interactions 

Surface hydrophobicity – Generally, hydrophobic 

surfaces facilitate greater protein adsorption. 

Surface heterogeneity – Variations in surface 

structure can create distinct domains, promoting diverse 

modes of protein binding. 

Surface potential – This affects the distribution of 

counter-ions at the interface, which in turn modulates the 

adsorption process [163].  

In aqueous systems, van der Waals forces, induced 

dipole interactions, dipole–dipole interactions, and 

hydrogen-bond donor–acceptor interactions contribute to 

the binding and accumulation of chemical compounds on 

various adsorbents. Among these, hydrogen bonding, π–π 

interactions, covalent and electrostatic interactions, and 

hydrophobic effects play significant roles in the 

adsorption process (Fig. 11) [93]. 

 

 
Fig. 11. Schematic representation of a possible 

adsorption mechanism of proteins on CBMs. 

 

The adsorption of a protein on a surface can interfere 

with the adsorption of another protein, which is quite 

logical, since different proteins interact with the same 

functional groups on the surface of CBMs [164].  

 

Proteins are inherently dynamic macromolecules that 

typically adopt complex, hierarchically organized 

conformations in aqueous environments. A delicate 

balance of non-covalent interactions, including hydrogen 

bonding, hydrophobic packing, van der Waals forces, and 

electrostatic interactions, maintains their native folded 

state. However, upon contact with solid interfaces—

especially high-surface-area sorbents—this equilibrium 

can be changed [165]. This was shown on the example of 

BSA using CD spectroscopy [166]. The reason for the 

conformation change can be an increase in the surface 

contact area. These structural changes are often rapid and 

Adsorption process Adsorption mechanism

Surface diffusion

Intraparticle 
diffusion (pore) 

Electrostatic interactions

Hydrogen bonding

Hydrophobic 
interactions

π- π stacking
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exothermic, reflecting both enthalpic contributions from 

surface interactions and entropic gains from partial 

unfolding (Fig. 12a). For example, activated carbon 

surfaces, known for their hydrophobic character and π-

electron-rich domains, can drive the partial denaturation 

of globular proteins such as BSA, lysozyme, and 

hemoglobin. Spectroscopic and calorimetric studies show 

that such events are often accompanied by the loss of α-

helical content and the exposure of hydrophobic core 

residues [28].  

The protein conformation on the surface and its 

binding mode depend on the concentration of the protein 

in solution, and the density of the surface (Fig. 12b). At 

low protein concentrations, the thin protein layer is 

formed, and adsorbed molecules primarily adopt a ‘side-

on’ orientation. Upon adsorption, proteins may unfold or 

reorient from ‘end-on’ to ‘side-on’ to increase their 

surface footprint, thereby minimizing their free energy 

[167]. This spreading behavior is governed by the 

interplay between the protein’s internal stability, protein–

surface interaction strength, and inter-protein repulsion on 

the surface. 

The degree of conformation change upon binding to 

the surface strongly depends on the nature of a protein. 

Even proteins with very similar structures can behave 

differently. For example, bovine and rat albumins have 

almost identical structure and the same α-helical content 

in solution (61–63 %). However, upon binding to the 

surface, BSA was unfolding much stronger, to 46 % 

α-helical content, compared to rat serum albumin (54 %) 

[168]. 

The results of Atsunori Sonoi's research group 

indicate that the protein adsorption orientation depends on 

the treatment concentration at the time of initial protein 

adsorption. When the surface coverage is low, such that 

proteins are not in contact with each other, orientation 

changes due to interactions among molecules are rare 

(Fig. 12b). Furthermore, researchers found that the initial 

orientation affected protein adsorption on the initially 

adsorbed layer. Highly crowded surface prevented the 

subsequent adsorption of proteins, inhibiting multilayer 

formation [169].  

Different proteins exhibit varying degrees of 

conformational change upon adsorption. In 1990, T. Arai 

and W. Norde introduced the concept of “hard” and “soft” 

proteins [170], proposing that the conformational rigidity 

of proteins governs their adsorption behavior.  

“Hard” proteins are characterized by high structural 

stability, and their adsorption is predominantly governed 

by electrostatic interactions. These proteins are sensitive 

to both the properties of the sorbent and their hydration 

shell. Adsorption of hard proteins onto hydrophilic 

surfaces occurs primarily when electrostatic interactions 

are favorable (ΔH < 0). In such cases, electrostatic 

attraction is the main driving force, although the entropy 

change (ΔS), arising from charge redistribution during 

adsorption, may also contribute. On hydrophobic surfaces, 

adsorption may still occur even when ΔH is small due to a 

favorable entropic contribution (TΔS > 0) being the 

dominant driving force. In contrast to hard proteins, “soft” 

proteins exhibit low structural stability, and their 

adsorption involves additional driving forces associated 

with conformational changes. Unlike hard proteins, 

predicting the dominant thermodynamic contributions to 

the adsorption of soft proteins is more complex, as both 

enthalpic (ΔH) and entropic (TΔS) components must be 

considered [171]. Unfolding of the protein during 

adsorption increases entropy (TΔS > 0) and exposes 

internal residues, enabling the formation of additional 

interactions with the surface. This structural flexibility 

allows soft proteins to adsorb onto both hydrophobic and 

hydrophilic surfaces, regardless of whether electrostatic 

interactions are attractive or repulsive, in contrast to the 

behavior of hard proteins.   

Regardless of the protein type, it tends to adopt a 

preferential conformation upon adsorption that minimizes 

its interfacial energy with the solid surface. Hard proteins 

largely retain their native structure during this process, 

making it meaningful to describe their orientation in terms 

of “side-on” or “end-on” configurations. The preferred 

orientation is primarily governed by the surface charge 

distribution and dipole moment of the protein, especially 

under electrostatic interaction conditions. The concept of 

“hard” and “soft” proteins is intrinsically linked to their 

ability to undergo structural modifications upon 

adsorption, which, from a thermodynamic perspective, is 

related to the standard Gibbs free energy of unfolding 

(ΔG°unf), governed primarily by intra-chain interactions. 

 
 

Fig. 12. a) Protein unfolding upon binding to the surface is governed by an increase in the interaction; b) changes of 

protein layer thickness depending on the equilibrium concentration of protein in solution show a change in protein 

conformation and binding mode. 
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This unfolding energy reflects the stability of the protein’s 

secondary structure, which is determined mainly by its α-

helix and β-sheet content. Significantly, ΔG°unf is 

influenced not only by intrinsic structural factors but also 

by external parameters such as pH and ionic strength. 

Typically, hard proteins exhibit higher ΔG°unf values (e.g., 

~60 kJ·mol⁻¹ for lysozyme), indicating greater 

conformational stability, whereas soft proteins have lower 

values (e.g. ~21 kJ·mol⁻¹ for α-lactalbumin) [172]. Soft 

proteins tend to have a higher α-helix-to-β-sheet ratio and 

predominantly belong to the mainly α-class. In contrast, 

hard proteins are either mainly β or α/β-mixed with a layer 

sandwich architecture [27]. The ultimate case of soft 

proteins is intrinsically disordered proteins (IDPs). 

Among proteins frequently used for studies on carbon-

based surfaces, lysozyme and streptavidin are classified as 

hard, while BSA, HSA, and myoglobin are considered 

soft.  

A difference in sorption mechanism for one protein 

depending on the surface properties was shown by M. 

Seredych et al. [34]. They investigated the adsorption of 

BSA on thermally expanded graphite (EGr) and graphene 

nanoplatelets (GnPs). EGr was prepared by interacting 

graphite with a sulfuric/nitric acid mixture followed by 

thermal shock. For GnPs, the adsorption process was 

described by the Langmuir adsorption isotherm, indicative 

of monolayer adsorption on a homogeneous surface. The 

isotherm shows a clear tendency to plateau, suggesting the 

attainment of surface saturation. In contrast, no saturation 

was observed for EGr materials within the wide 

concentration range, implying multilayer adsorption or 

progressive occupation of heterogeneous binding sites 

(Table 1). In line with this observation, maximum protein 

adsorption capacities were remarkably high for EGr 

materials, which is suitable for usage as a carrier for high 

molecular weight biomolecules in biomedical 

applications. Meanwhile, GnP exhibits high adsorption 

efficiency at low BSA concentrations, suggesting a 

stronger affinity under dilute conditions. In both cases, the 

PSO kinetic model fitted the adsorption kinetic data 

(Table 1).  

The mode of protein binding depends on pH and ionic 

strength. For example, under acidic conditions, HSA 

adsorption onto GO led to the formation of fluid, loosely 

packed protein layers, attributed to the extended 

conformation of the protein. Meanwhile, at neutral pH, the 

binding is denser, and increasing ionic strength enhanced 

the binding affinity between HSA and GO, resulting in the 

formation of more compact protein layers on the GO 

surface (Table 1). These results highlight the critical role 

of electrostatic interactions in governing HSA–GO 

interactions [37]. 

The adsorption of TRP onto the GO surface was 

examined and modeled at varying nanoparticle-to-protein 

Table 1. 

Isotherm parameters of the Langmuir and the Freundlich models for protein adsorption on CBMs 

Adsorbent, adsorbate 

and conditions 

Maximum 

adsorption 

capacity 

(qmax) 

Isotherm constants 

(KL, KF, KLF
*) 

 

Pseudo-second-

order rate 

constant (k2) 

Ref. 

EGr, BSA in PBS 5.1 mg/g 
KF = 4.3 (mg/g)(L/mg)1/n 

KLF = 0.0045 L/mg 
0.39 g mg–1 min–1 

[34] 
GnP, BSA in PBS 

 
76.9 mg/g 

KF = 96.4 (mg/g)(L/mg)1/n 

KLF = 1.75 ∙ 10–5 L/mg 
0.014 g mg–1 min–1 

GO, HSA, 1 mM NaCl, 

pH 7.0 
300 mg/g KF = 0.0032 (mg HSA)1–n Ln (mg GO)–1 2.59 mg/mg·h 

[37] 
GO, HSA, 30 mM NaCl, 

pH 7.0 
630 mg/g KF = 0.0451 (mg HSA)1–n Ln (mg GO)–1 2.99 mg/mg·h 

GO, HSA, 150 mM NaCl, 

pH 7.0 
660 mg/g KF = 0.2111 (mg HSA)1–n Ln (mg GO)–1 35.71 mg/mg·h 

GO, TRP 100 mg/g 
KL = 0.083 L/mg 

KF = 14.58 (mg·g–1)(L·mg–1)1/n 
– [5] 

GO, BSA in PBS 200.01 mg/g – 0.00049 min–1 [154] 

MWCNTs, BSA, 40 °C, 

pH 5 
127.2 mg/g 

KL = 0.0020 L/mg 

KF = 1.20 mg/g 
0.0071 min–1** 

[173] 
MWCNTs, BSA, 40 °C, 

pH 4 
139.5 mg/g 

KL = 0.0034 L/mg 

KF = 1.88 mg/g 
0.007 min–1** 

MWCNT-ZrO2, BSA, 40 °C, 

pH 4 
273 mg/g 

KL = 0.0006 L/mg 

KF = 0.20 mg/g 
0.014 min–1** 

[174] 
MWCNT-ZrO2, BSA, 40 °C, 

pH 5 
45 mg/g 

KL = 0.0071 L/mg 

KF = 4.85 mg/g 
0.018 min–1** 

pristine MWCNTs in PBS 555.56 mg/g 
KL = 1.79 mL/mg 

KF = 12.8 mg/g 
– 

[81] 

treated MWCNTs in PBS 781.25 mg/g 
KL = 20.86 mL/mg 

KF = 10.12 mg/g 
– 

DWCNTs, BSA, 40 °C, pH 4 1221 mg/g 
KL = 0.00163 L/mg 

KF = 137.0 mg/g 
0.0083 min–1** [175] 

*KLF – Langmuir–Freundlich constant (L/mg) 

**k1 – pseudo-first-order rate constant (min–1) 
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ratios [5]. The adsorption was found to follow the 

Freundlich isotherm, characteristic of a heterogeneous 

system (Table 1). Langmuir model analysis revealed a 

maximum adsorption capacity of 100 mg/g. Extensive 

visualization of the TRP–GO interface was also performed 

for the 1:1 TRP–GO construct to elucidate the dynamic 

nature of the adsorption process. Samples collected at 

different adsorption time points were analyzed using SEM 

and AFM and revealed a gradual adsorption process, 

wherein initially local adsorption occurs slowly, leading 

to uniformity over the entire surface with time. 

Fluorescence and circular dichroism spectra of the 1:1 

TRP–GO construct indicated that trypsin retains a high 

degree of its secondary β-sheet structure even after 

prolonged interaction with GO at a high protein-to-

nanoparticle ratio. In this study GO was synthesized by 

using modified Hummer's method. 

The Jian Cao's research group found that the 

adsorption of BSA onto GO follows a PSO model (Table 

1), indicative of a rapid process with high adsorption 

capacity (200 mg/g). The adsorption process is driven by 

multiple noncovalent forces, including hydrophobic 

interactions, hydrogen bonding, van der Waals forces, and 

π–π stacking interactions, which collectively facilitate 

strong binding of BSA on the GO surface [154].  

Adsorption BSA on multi-walled carbon nanotubes 

(MWCNTs) is characterized by a higher capacity than on 

GO. Equilibrium data were evaluated using Langmuir and 

Freundlich models, with maximum monolayer adsorption 

capacities at 40 °C determined to be 139.5 mg/g and 

127.2 mg/g at pH 4 and 5, respectively (Table 1). Kinetic 

analyses revealed that the adsorption process conforms to 

the PFO model. Notably, the PFO rate constants at pH 4 

and 5 decreased with increasing temperature, suggesting a 

reduction in the diffusion rate of BSA molecules across 

the external boundary layer, and favoring the sorption 

process. The diminished adsorption capacity observed at 

elevated pH values can be attributed to electrostatic 

repulsion between negatively charged BSA molecules and 

the MWCNTs surface [173]. In the other work of K. 

Bozgeyik & T. Kopac, the MWCNT–ZrO2 composites 

were synthesized via a simple in situ chemical 

modification method. The adsorption equilibrium and 

kinetic data were analyzed using the Langmuir and the 

Freundlich models (Table 1). Adsorption kinetics was 

consistent with the PFO model, indicating diffusion-

controlled adsorption [174].  

Carbon nanotubes (CNTs) possess distinctive 

physical and chemical properties that make them attractive 

for biomedical applications [38]. The team of Saowapa T. 

Niyomthai studied the adsorption of BSA onto MWCNTs 

modified with H2SO4/HNO3, and found a higher 

adsorption capacity of 771.87 mg/g compared to pristine 

MWCNTs (532.56 mg/g). Adsorption data for both 

materials were properly described by the Langmuir 

isotherm model (Table 1). The enhanced adsorption 

performance of the treated MWCNTs was attributed to a 

greater surface area and large amounts of oxygen-

containing functional groups. Under desorption 

conditions, initial rapid release BSA was followed by a 

slower, sustained release phase, showing the potential of 

functionalized MWCNTs as carriers for prolonged drug 

release in biomedical applications [81].  

The interactions and adsorption characteristics of 

BSA on double-walled carbon nanotubes (DWCNTs), 

produced by catalytic chemical vapor deposition, were 

examined. The adsorption kinetics and equilibrium 

processes were investigated through in situ UV–Vis 

spectroscopy. The maximum adsorption capacity was 

calculated as 1221 mg/g under optimal conditions, 

including (pH 4.0), adsorption time (420 min) and 

temperature (40 °C). The adsorption isotherm followed 

the Langmuir model, and the adsorption kinetics fitted the 

PFO (Table 1) [175].  

Apart from commonly used CBMs, sorption is 

possible on modified diamond surfaces. For example, a 

research team led by M. Takai [176] compared the protein 

adsorption behaviors on rGO and boron-doped diamond 

surfaces using electrochemical impedance spectroscopy 

and found that sorption on the boron-doped diamond 

surface is much less dense. However, such studies are rare 

due to the high cost of diamonds.  

Conclusions 

Almost all research groups studying protein sorption 

on CBMs have used BSA and HSA, less often lysozyme 

and trypsin as model proteins. More than half of all works 

published during the last 5 years are devoted to GO 

sorption properties. The most widely used techniques to 

study the equilibrium of protein sorption on CBMs are 

UV–Vis spectroscopy, fluorescence spectroscopy, 

ellipsometry, and QCM. In contrast, a variety of additional 

techniques like AFM, DLS, DSC, FTIR, TEM, and CD are 

used to study protein conformation changes and their 

effect on the sorbent. To quantitatively describe the 

sorption process, the Langmuir–Freundlich and the 

Freundlich models are widely used.  

Protein sorption occurs typically within 10–

50 minutes. In most works, the pseudo-second order 

model is used for the description of sorption kinetics. 

Several more sophisticated models accounting for protein 

conformational changes were also proposed, but are 

almost not used in recent works. However, the concept of 

classifying proteins as hard or soft depending on their 

ability to undergo conformational changes is popular.  

Most of the recent works investigating protein 

sorption on CBMs are focused on medicine-related 

applications: sensors, implants, tissue engineering, wound 

healing, and drug delivery.  
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Адсорбція білків на вуглецевих матеріалах є складним і багатогранним процесом, який має вирішальне 

значення для застосування в біотехнології, медицині, екології та матеріалознавстві. У цьому огляді 
всебічно розглядаються фізико-хімічні механізми, що визначають адсорбцію білків на різних вуглецевих 

матеріалах, включаючи активоване вугілля, графен і оксид графену. Акцент зроблено на властивостях 

поверхні, таких як пористість, хімічний склад поверхні, змочуваність та електричний заряд, а також на 

характеристиках білків, зокрема їхньому розмірі, структурі, заряді та конформаційній динаміці. Розглянуто 
вплив факторів середовища – pH, іонної сили та концентрації білка – на поведінку адсорбції та формування 

білкового шару. Особлива увага приділяється ролі кисневмісних функціональних груп на поверхнях 

вуглецю та їх впливу на електростатичні та водневі взаємодії. Також надається огляд аналітичних методів, 

що використовуються для вивчення адсорбції, включаючи атомно-силову мікроскопію (АСМ), круговий 
дихроїзм (КД), ізотермічну титраційну калориметрію (ІТК), кварцовий кристалічний мікробаланс (ККМ) 

та спектроскопічні методи. В огляді описано роль адсорбції білків на вуглецевих матеріалах для їх 

біомедичних застосувань, а саме для підвищення біосумісності імплантатів та розробки біосенсорів. Також 

підкреслено стрімке зростання кількості робіт, присвячених дослідженню сорбції на оксиді графену в 
останні роки, а також зростаючий інтерес до його використання для розробки сенсорів. 

Ключові слова: адсорбція, графен, оксид графену, активоване вугілля, вуглецеві сорбенти, теоретичні 

моделі. 
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