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ABSTRACT 

Insoluble fatty surfaces are involved in many impor- 
tant interactions such as in biomembranes with solu- 
ble biological macro and micromolecules. In this pa- 
per we have studied the adsorption interaction of 
aqueous solution of DNA, some proteins and lactose 
on several sparingly soluble fatty substances namely 
milk fat, stearic acid, palmitic acid, phosphatidyl cho- 
line and cholesterol surfaces by measuring the deple- 
tion of the adsorbates by analytical methods. Adsorp- 
tion ( ) of DNA on the soft surfaces of stearic acid, 
milk fat, phosphatidyl choline, palmitic acid and cho- 
lesterol was measured as a function of DNA concen- 
tration C2. In each case  was found to increase 
with C2 until it reached the maximum value 

1
2

1
2

m
2  at a 

critical concentration . For different surfaces m
2C m

2  
stands in the order: stearic acid > milk fat > pho- 
sphatidyl choline > cholesterol > palmitic acid. DNA 
forms multilayers on stearic acid surface. Adsorption 
of hemoglobin on cholesterol surface is found to be 
negative or zero but that of BSA on cholesterol is 
positive. Adsorption of gelatin on cholesterol surface 
is significantly higher than that of BSA. Lysozyme on 
cholesterol surface forms multilayers and on casein 
forms bilayer. The lowering of free energies −Go for 
all systems have been calculated using integrated 
form of the Gibbs adsorption and their values have 
been compared with each other. It is concluded that 
despite differences in the adsorption behavior of the 
biomolecules on various soft surfaces, free energy 
change expressed as Bull’s free energy change (Δ ) 
remain nearly constant except for BSA-fatty acid in- 
teraction which may be likely due a specific interac- 
tion. 
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1. INTRODUCTION 

H. B. Bull [1,2] in 1956-1957 first studied the adsorption 
of egg albumin and bovine serum albumin from solution 
onto the rigid surface of glass powder under various 
physico-chemical conditions. He measured specific sur- 
face areas covered due to packing of ellipsoid shaped 
egg-albumin and BSA molecules and analyzed the ori- 
entations of these globular proteins on the rigid glass 
surface. Subsequently, extensive studies of relative ad- 
sorption of different soluble proteins in pure and mixed 
forms on different types of rigid surfaces of powdered 
substance of known specific surface areas have been 
studied by various workers [3-8]. In a series of papers 
Chattoraj and coworkers studied extensively the adsorp- 
tion of deoxyribonucleic acid (DNA), ribonucleic acid 
(RNA) and nucleo-histone on the rigid surfaces of alu- 
mina, silica, charcoal, resins and chromium metal sur- 
faces using analytical and micro-electrophoretic tech- 
niques [9-15]. Following thermodynamic approaches of 
Bull [1,2], these workers evaluated affinities or standard 
free energy changes of adsorption using integrated forms 
of the Gibbs adsorption equations. Earlier Das and Chat- 
toraj [16] studied adsorption of proteins from solutions 
onto soft oil-water interface using simple microscopic 
and analytical techniques of measurements. Recently, 
Chattoraj and coworkers [16,17] have studied the excess 
adsorption of nucleic acids, BSA and gelatin from solu- 
tion onto the surfaces of a few soft suspended particles 
like insoluble casein [13], cellulose [14], stearic acid 
particles [15]. 

While recent studies on biomolecules adsorption pri- 
marily focus on biopolymer conformation at the ad- 
sorbed surface [18-21], very little attention was given to 
understand the thermodynamics of interaction on soft 
surfaces [22]. Recently we reported the on adsorption of 
milk protein β-lactoglobulin on the surfaces of stearic 
acid, lipids and cellulose [17]. All these adsorbents give 
rise to soft interfaces with water. In this paper we present 
our extensive data on the adsorption of DNA, soluble 
proteins such as hemoglobin, lysozyme, serum albumin *Corresponding authors. 
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and gelatin and disaccharide lactose from aqueous solu- 
tion onto the soft surfaces of fatty acids lipids, choles- 
terol and fats. The objective of the present work is to 
understand the thermodynamics of the biomolecule soft 
surface interactions. Since the soft surfaces can swell 
taking up water, their surface areas of the adsorbents do 
not remain constant as in conventional adsorption ex- 
periment. Therefore these aspects must be taken into the 
treatment to understand free energy of adsorption of soft 
surfaces. 

2. MATERIALS AND METHODS 

2.1. Samples and Chemicals 

Different biopolymers such as BSA, gelatin, lysozyme, 
hemoglobin, and calf thymus DNA were all from Sigma 
Aldrich, USA and lactose was from BDH, England. 

Among the different surfaces used as adsorbents, fat 
free casein was from N. B. Chemicals, Cleveland, USA; 
cholesterol, stearic acid, palmitic acid and phosphatidyl- 
choline were from Sigma Aldrich, USA; milt fat was 
procured from market. All these materials were dried in a 
vacuum desiccators containing fused CaCl2 for 2 weeks 
before use. Inorganic salts NaCl, Na2SO4 and KSCN 
used were of analytical quality. Folin reagent was used 
for protein estimation was from Sisco Research Labora-
tory, India. Double distilled water was used throughout 
the adsorption experiments. 

2.2. Adsorption Experiments 

Solutions of inorganic salts (NaCl, Na2SO4, KSCN) of 
0.05 M ionic strengths were prepared from their stock 
solutions. The solutions were brought to pH 6.5 by addi-
tion of requisite amounts of dilute HCl or NaOH. Solu-
tions of soluble biopolymers (DNA, proteins) and lactose 
respectively were dissolved in salt solutions by stirring. 
For the study of adsorption of DNA, lysozyme, hemoglo- 
bin, gelatin, BSA and lactose on the surfaces of casein and 
cholesterol powders as adsorbents direct method of ana- 
lytical measurement as described earlier [15] using Eq.1. 

 t t
2 21

2

C C V

1000

 
              (1) 

Here Vt stands for v/w where v in ml is the volume of 
the aqueous solution in which w kg of insoluble adsorb- 
ents was suspended. Also  and C2 stands for molar 
concentrations of adsorbate biopolymer or lactose before 
and after adsorption equilibrium. In a typical experiment, 
1 g adsorbent was taken in 10 ml buffered biopolymer 
solution and the mixture was stirred magnetically for 4 hr 
to reach equilibrium. The values of C2 for soluble pro- 
teins (lysozyme, gelatin and BSA) were determined us- 
ing Lowry method of protein analysis [23]. Red colored 

hemoglobin solution shows absorption at 406 nm in 
spectrophotometric analysis [24] and hence has been 
used for direct analysis of C2 in bulk solution. C2 for 
lactose solution in the bulk was estimated using Fehling 
equivalent method [25]. Solutions of lactose were titrated 
with mixture of Fehling A and Fehling B (in 1:1 ratio) 
against standard solution of lactose. From titration values, 

t
2C

1
2  for lactose have been estimated using Eq.1. 
Concentration (C2) of DNA of adsorption equilibrium 

was estimated spectrophotometrically at 260 nm. The 
absorbance at 260 nm of a set of ten solutions of known 
DNA concentrations was used to plot a standard curve 
(OD against concentration of nucleotide) which was 
found to be linear. The molar concentration C2 of DNA 
nucleotides was calculated from the standard curve. For 
DNA 1

2  has been calculated as moles of nucleotide per 
kg of adsorbent using average molecular mass of the 
nucleotide as 330. 

When adsorption of proteins, DNA and lactose respec- 
tively from their aqueous solution onto the surface of 
powdered stearic acid, palmitic acid, milk fat and phos- 
phatidyl choline respectively were studied, the addition 
of the adsorbent powders to these aqueous solution 
formed as fine colloidal suspension and separation of 
these particles from clear solvent was difficult. In these 
cases, the adsorbent powder (1 g) was first dissolved in 
n-heptane (2.5 ml). These solutions were added quantita- 
tively to the aqueous solution (10 ml) of adsorbate with 
gentle stirring. The n-heptane from the mixture was 
evaporated and agglomerated precipitate of adsorbent 
suspended in aqueous solution was used for adsorption 
process until state of adsorption equilibrium was reached. 
The values of C2 for the adsorbate dissolved in the bulk 
aqueous solution was estimated so that values of 1

2  
can be calculated using Eq.1. The standard error in the 
values of 1

2 , based on three repeats of each experiment, 
did not exceed 8 percent. 

3. EXCESS ADSORPTION AND FREE 
ENERGY CHANGE—THEORETICAL 
CONSIDERATION 

Amount of soluble biopolymer adsorbed onto the surface 
of adsorbent has been experimentally determined using 
Eq.1. According to this equation, amount of adsorption 

1
2  will be positive when   C2. However if C2 > 

, 

t
2C 

t
2C 1

2  will be negative. Since the molar concentration 
 and C2 are very low, they can be equated to the re- 

spective molal concentration  and m2. Again for di- 
lute solution, Vt may be replaced by the weight of solu- 
tion Wt. Thus Eq.1 can be written as 
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Here  and m2 are equal to 1000 t
2m t

2 1n nt , 1000 
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n2/n1, and the weight of solvent  is equal to . 
Here  and  are moles of solvent and solute re- 
spectively per kg of the adsorbent before adsorption and 
n1 and n2 stand for their values per kg after adsorption. 
M1 represents the molecular weight of solvent water. 
Inserting these values in Eq.2, one finds [26,27] 
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Here  stands for solvent excess per kg of adsorb- 
ent whose value can be calculated from values of 

2
1

  
and n2/n1 using Eq.4 since 

2 2 2

1 1

X

55


1n

2n

2n m C
 =  = 

55.5 X .5n
          (4) 

X1 and X2 stand for bulk mole fractions of solvent and 
solute components respectively. For dilute solutions, m2 

 C2 and Eq.2 may be converted to the form of Eq.1, 
since Wt becomes approximately equal to Vt. Also, it has 
been pointed out earlier [27] that 



t
1 1n n                  (5) 

t
2 2n n                 (6) 

Here ∆n1 and ∆n2 stand for moles of solvent and solute 
respectively bound per kg of powdered adsorbent thus 
forming a surface bound phase. Inserting these relations 
[27] in Eq.3 

1 2 2
2 2 1 2 1
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

When  attains a maximum value 2  at a critical 
concentration of , Δn1 becomes zero and the surface 
becomes free of adsorbed water forming a monolayer 
and thus  = n　 2. When C2  , Δn1 still re-
mains zero but  increases further forming a multi-
layer at the interface. However, if n1 is positive after at-
tainment of apparent maximum value  at , 
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will decrease with increase of C2. If in this region 1
2  

varies linearly with C2, the absolute composition of the 
solvent and solute (Δn1 and Δn2) in the surface phase can 
be determined from the slope and intercept of the plot.  

4. RESULTS AND DISCUSSION 

In the present study, extents of adsorption of DNA on the 
surface of stearic acid, milk fat, and phosphatidylcholine 
have been carried out at pH 6.5 and ionic strength 0.10 
maintained by NaCl (Figure 1(a)). In the adsorption iso- 
therms for these three soft organic surfaces values of 1

2  
are observed to increase with the increase of the DNA 
nucleotide concentration until at a critical concentration  

 
(a) 

 
(b) 

Figure 1. Isotherms for adsorption of calf thymus DNA on 
different powders, at 28˚C, pH 6.5 in presence of 0.05 M NaCl. 
Upper panel: stearic acid, milk fat and phosphatidyl choline; 
Lower panel: cholesterol and palmitic acid. 
 

m
2C , values of 1

2  become maximum ( 2 ). This be- 
havior is similar in nature to those observed for the ad- 
sorption of DNA on regid solid surfaces such as alumina, 
silica and charcoal, barium sulphate and resins [11-14]. 
On exceeding , 

m

m
2C 1

2  sharply increased for these 
three surfaces with the increase of C2 within a short 
range of concentration indicating multilayer formation of 
DNA on the surfaces of stearic acid, milk fat and phos- 
phatidyl choline respectively. Similar characteristics of 
multilayer formation have been observed for the adsorp- 
tion of DNA on rigid surfaces [11-13]. We have also 
studied adsorption of calf thymus DNA on powdered 
surfaces of palmitic acid and cholesterol respectively at 
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average pH 6.5 and NaCl concentration 0.05 M. It is ob- 
served that  increased with increase of C2 (vide Fig- 
ure 1(b)) until saturation value of  is attained at C2 
close to . These values are included also in Table 1. 
Values of  for the adsorption of DNA on different 
soft organic surfaces stand in the following order: 

1
2

m

m
2

m
2C

m
2

2C

Stearic acid > milk fat > phosphatidyl choline > cho- 
lesterol > palmitic acid 

 OPEN ACCESS 

Critical average values of the mole from  (calcu- 
lated from  of all these systems have been reported 
in Table 1. Earlier from adsorption interaction DNA 
from solution are found to occur onto various types of 
surfaces of insoluble protein and cellulose [9,13,14]. But 
in the present work, we are able to show that DNA may 
also undergo adsorption interaction on the surface of 
insoluble organic lipids such free fatty acids, triglyceride 
fats, phosphatidyl choline and cholesterol. 

m
2X

Cholesterol in vivo is transported to different corners 
of cellular systems through its interaction with blood 
serum proteins [28]. However, in some cases, excess 
cholesterol may deposit on the arterial wall leading to 
serious coronary heart disease problem. The adsorption 
interaction of blood protein hemoglobin with insoluble 
cholesterol particles have also been studied at pH 6.5. It 
is most interesting to note that even at very high values 
of hemoglobin concentration, 1

2  on cholesterol surface 
is mostly negative or close to zero (vide Figure 2(a)) 
indicating lack of binding interaction of cholesterol with 
Hb fraction of blood at pH 6.5. One notes with interest 
that in the presence of 0.05 M NaCl concentration hemo- 

globin cannot be adsorbed as positive excess on casein 
powder at lower values of C2. In fact,  becomes 
negative here due to excess hydration of the soft surface. 
At very high values of C2,  becomes zero. On stearic 
acid surface however, Hb is positively adsorbed and a 
saturation level is attained at low values of C2 (Figure 
2(a)). 

1
2

1
2

However, with replacement of NaCl by Na2SO4, 
1
2  

values for hemoglobin adsorption on casein surface be- 
comes positive even at lower values of C2 (vide Figure 
2(b)). With further increase of C2, positive value of 1

2  
increases and approaches maximum value m

2  (vide 
Table 1). Due to the excess hydration of protein [15] in 
the presence of KSCN, values of  becomes negative 
at very low concentration of Hb. But with the increase of 
C2, unfolded Hb molecules are adsorbed as positive ex- 
cess probably by partial dehydration of casein. 

1
2

1
2  in- 

creases and becomes positive above azeotropic point [15] 
when C2 becomes close to  (vide Table 1). The 
maximum adsorption, as pointed out earlier [15] leads to 
complete dehydration of proteins (n1 = 0). 

m
2C

In Figure 3, adsorption data of bovine serum albumin 
and gelatin on cholesterol surface is presented. Both 
show increasing adsorption with increase of C2, but com- 
paratively much higher amount of gelatin is adsorbed on 
cholesterol compared to BSA. Comparing Hb and BSA 
adsorption data on cholesterol, it may be concluded that 
cholesterol in blood serum is transported specifically by 
BSA and not by hemoglobin. Thus cholesterol-BSA in- 
teraction plays important functional role in cellular trans- 

 
Table 1. Thermodynamic parameters for adsorption of DNA, proteins and lactose at fatty surfaces. 

Sl. No. Adsorbate Adsorbent 
Neutral Salt
 = 0.05 

m

2  × 103 Moles 

adsorbate/kg powder

m

2X  × 105 Moles 

adsorbate in solution 

−Go kJ per kg 
powder 

o

BG  kJ per 

kg powder 

1. DNA Stearic Acid NaCl 3.58 0.014 0.142 39.7 

2. DNA Milk fat NaCl 3.19 0.015 0.126 39.6 

3. DNA Phosphatydylcholine NaCl 3.03 0.418 0.0954 31.6 

4. DNA Palmitic acid NaCl 1.18 0.0169 0.0471 39.9 

5. DNA Cholesterol NaCl 1.26 0.0207 0.0505 40.0 

6. Hemoglobin Stearic Acid NaCl 0.87 0.0018 0.0378 43.3 

7. Hemoglobin Casein Na2SO4 0.26 0.0099 0.0101 39.9 

8. Hemoglobin Casein NaCl 0.17 0.093 0.0058 34.7 

10. Gelatin Cholesterol NaCl 1.35 0.009 0.0534 39.6 

11. BSA Cholesterol NaCl 0.008 0.000045 0.000402 47.8 

12. Lysozyme Cholesterol NaCl 2.00 0.00082 0.0929 46.4 

13. Lysozyme Casein NaCl 4.40 0.0304 0.1585 36.0 

14. Lactose Casein NaCl 5.61 0.202 0.282 50.3 

15. Lactose Milkfat NaCl 5.62 0.251 0.296 52.9 

16. Lactose Staeric acid NaCl 7.52 0.249 0.370 49.2 

17. Lactose Phosphotidylcholine NaCl 9.37 0.253 0.498 53.3 
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(a) 

 
(b) 

Figure 2. Isotherms for adsorption of hemoglobin by different 
powders at 28˚C, pH 6.5 in presence of 0.05 M NaCl. Upper 
panel: cholesterol, casein and stearic acid; Lower panel: casein 
powder in presence of Na2SO4 and KSCN both at an ionic 
strength of 0.05 M. 
 
port mechanism [28]. Significantly high value of m

2  
for denatured protein gelatin on cholesterol surface is 
indicative of multilayer formation. Such multilayer for- 
mation for gelatin on polar oil surface was reported by us 
long back [16]. 

In Figure 4 adsorption isotherms of globular and com- 
pact protein lysozyme on the surfaces of cholesterol and 
casein respectively have been presented at pH 6.5 and 
NaCl concentration 0.05. Values of  for both sur-  1

2

 

Figure 3. Isotherms for adsorption of BSA and Gelatin on the 
surface of cholesterol powder at 28˚C in presence of 0.05 M 
NaCl at pH 6.5. (a) Gelatin; (b) BSA. 
 

 

Figure 4. Isotherms for adsorption of lysozyme on the surface 
of powdered cholesterol (A) and casein (B) from aqueous solu- 
tion of protein at 28˚C at pH 6.5 and 0.05 M NaCl. 
 
faces are positive throughout the whole range of protein 
concentrations. The value of  and  are quite 
low for this protein adsorbed on cholesterol surface but 
at very high value of C2, 

m
2

m
2C

1
2    indicating multi- 

layer formation of adsorbed lysozyme (Figure 4). He- 
moglobin and other globular protein are expected to be  

 m
2
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denatured and unfolded at the interface. Values of 1
2  of 

lysozyme on soft casein surface is observed (in Figure 4) 
to increase with the increase of C2 reaching an apparent 
maximum value for . At this stage, it may be as- 
sumed that casein surface is covered by a monolayer of 
lysozyme. When C2 is further increased,  increases 
further and saturates at twice the monolayer adsorbed 
amount. The adsorption for lysozyme on casein surface 
is thus a two state process; first it forms a monolayer and 
then at higher concentration of lysozyme it saturates to a 
bilayer on the casein surface. 

m
2

1
2

The isotherm for the adsorption interaction of lactose 
with casein, milk fat, stearic acid and phosphatidyl cho- 
line respectively are shown in Figure 5. The isotherms 
appear to be similar to shape as that observed for the 
Langmuir isotherm. The values of  and m

2X m
2  for 

higher lactose concentrations are provided in Table 1. 
Values of  stand in the following order of adsorb- 
ents: 

m
2

Stearic acid > phosphatidyl choline > milk fat > casein 

4.1. Affinities of Adsorption 

We have previously shown that values of  for ad- 
sorption of β-lactoglobulin on various types of soft or- 
ganic surfaces of insoluble solid may serve as relative 
maximum affinities for adsorption interaction. It has also 
been shown that adsorption affinity can be more quanti- 
tatively expressed in terms of the decrease standard free 
energies of adsorption [17]. Using integrated form of 
Gibbs adsorption equation, the standard free energy 
change ΔGo for the maximum adsorption of any bio- 
polymer per kg of soft material surfaces can be calcu- 
lated as 

m
2

m
2 1

o 2
2 2

20

G RT dX RT ln X
X

 
     m m

2      (8) 

Here the mole fraction X2 equals C2/55.5 for dilute 
biopolymer solution. Values of −Go for the adsorption 
of DNA nucleotide, lactose, hemoglobin, BSA, gelatin 
and lysozyme respectively on the various types of or- 
ganic surfaces (e.g. cholesterol, fatty acids, fat, lipid and 
casein) have been evaluated. These values are presented 
in Table 1. It is observed that Go for all surfaces in- 
crease with increase in . The quantity  (called 
Bull’s free energy change) expressed as Go/  varies 
in the narrow range of 25 to 35 kJ per mole (Table 1) in 
contrast to the wide variation in the values of −Go in kJ 
per kg of adsorbant. Similar variation in  were 
observed for the adsorption of -lactoglobulin for dif- 
ferent surfaces [17]. Previously it has been shown that 

 values for adsorption of proteins and nucleic 
acids on hard inorganic surfaces are close to 33 kJ per 
mole [3,4,12]. The reason for this constancy in the value 
of  except for BSA adsorbed on cholesterol has 

m
2

o
BG
m
2

o
BG

o
BG

G o
B

 
C2 × 105 moles/lit 

Figure 5. Isotherms for adsorption of lactose by different 
powder at 28˚C, pH 6.5 in presence of 0.05 M NaCl. (A) 
Stearic acid; (B) Phosphatidylcholine; (C) Milk fat; (D) Casein. 
 
been qualitatively discussed elsewhere [27]. The lower 
value of  for BSA adsorbed on cholesterol is due 
to lower affinity of binding between BSA and cholesterol. 
This is required for biological function as BSA only acts 
as the carrier for cholesterol but it must release it where 
it is required.  

o
BG

4.2. General Comments on Adsorption on Hard 
and Soft Surfaces 

Adsorption on hard surfaces is usually expressed as 
moles or mg or gm of adsorbate per unit square area. 
This is primarily because, for such rigid solid surfaces, 
the area of the surface remains unchanged under various 
conditions. However for soft matter like insoluble casein, 
cholesterol, and other lipids the interface with water be- 
comes flexible because of interaction with water. There- 
fore the surface area does not remain constant. In such 
cases, adsorption cannot be expressed by conventional 
mole per unit area as the measurement of area in such a 
condition is extremely difficult. It is therefore necessary 
to express the adsorption as mole per unit weight of the 
adsorbent. Since the molecular weights of various ad- 
sorbent used here (e.g. protein, lipid etc.) differ widely, it 
is physico-chemically as well as thermodynamically 
more meaningful to compare the adsorbed amount per 
unit weight of the adsorbent. The thermodynamic basis 
of such rational has been elaborately discussed elsewhere 
[15,27]. 

5. CONCLUSIONS 

 DNA has significant interaction with the fatty sub- 
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stances and the affinities in terms of m
2  or Go 

stand in the order: stearic acid > cholesterol > pal- 
mitic acid > phosphotidylcholine > milkfat 

 Soluble lactose sugar also interacts with these fatty 
materials and the affinities follow the trend: stearic 
acid > phosphotidylcholine > milkfat > casein 

 The protein Hb has no affinity for cholesterol but 
interacts with stearic acid and casein. BSA and ly- 
sozyme can interact with cholesterol. Unstructured 
protein gelatin is adsorbed to cholesterol with very 
high affinity.  

 Thermodynamic analysis reveals nearly constant 
o
BG  for all interactions except BSA-cholesterol 

interaction which has slightly lower value of o
BG . 
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