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Abstract  

The interactions in aqueous solutions of alanine, arginine, glutamine and histidine (0.02-0.20) mol∙kg−1 in different 
concentrations of aqueous drug (0.001, 0.005, and 0.010) mol∙kg−1 have been studied over temperature range 293.15 to 

313.15 K with an interval of 5K by using density )( , speed of sound )(u  and viscosity )(  measurements. The density and 

speed of sound data have been used to calculate various parameters viz. apparent molar volume, partial molar volume 
apparent molar isentropic compressibility, partial molar isentropic compression etc. The density and speed of sound data 
have been used to calculate various parameters. These interactions have been interpreted in terms of the presence of 
different kinds of intermolecular interactions in (amikacin sulphate + water + amino acid) system i.e. ion-ion and ion-
hydrophilic interactions, dominate over the ion-hydrophobic interactions. Moreover, viscosity data have been analyzed by 
employing Jones-Dole equation and information on solute-solute and solute-solvent interactions have been extracted. Also, 
transition state theory has been applied to evaluate thermodynamic activation parameters and more disordered transition 
state due to rupture and distortion of intermolecular forces in the system have been observed. For the studied ternary 
systems, the absorption spectra have also been recorded. Moreover, the amino acids act as efficient structure maker in 
amikacin sulphate solution.  
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1. Introduction 

In recent years, different research efforts have been made to 

improve in-vivo resistance and performance of drug molecules 

which leads to the development of superior pharmaceutical 

formulations. Drugs are chemical entities characterized by 

solvophilic and solvophobic groups, considered to enter into 

chemical combination with particular tissue constituents 

called receptors like nucleic acids, amino acids, peptides 

etc.located on bio-membrane to produce its pharmacological 

effects.[1-3] In order to comprehend mechanism of drug activity 

at molecular level for living organisms, thermophysical 

properties of drug in biological system i.e. interactive nature 

of drug with biomolecules have been found useful in 

understanding the complex phenomena of drug action. 

Moreover, Drug-biomolecular interactions play an important 

role in physiological media such as blood, membranes, 

different body fluids and are involved in protein binding with 

drug molecules, anesthesia, drug transport to targeted area.[4,5] 

Proteins form an essential part of all living organisms and 

participate in every biological process within cells. The drug-

protein interactions are somewhat difficult to be understood 

due to the complicated three-dimensional structure of proteins 

containing miscellaneous functional groups.[6-8] However, the 

presence of foreign molecules such as drugs around the  

proteins can alter its many properties such as their solubility, 

denaturation, hydration, dissociation into subunits, and 

enzymes activity.[9-11] As proteins are the composition and 

sequence of amino acids that regulates the unique structure, 

function, folding and unfolding kinetics of protein.Therefore, 

for better understanding of the structure, conformation 

changes and functioning of proteins in the presence of drug, a 
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useful approach is to study fundamental structural unit i.e. 

amino acids.[12-14] Moreover, as diverse biological processes 

occur at the ionisable exterior of bio-membranes, study of the 

interactions of amino acids with drug molecules are liable to 

get insight into knowledge of drug distribution in body fluids 

along with its excretion and also proposed to afford valuable 

information on the type and magnitude of drug-protein 

interactions. Hence, in the present communication, we 

projected to analyze the interaction of an antibiotic drug with 

different amino acids. 

An antibiotic drug is a type of antimicrobial substance that 

kills or slows down the augmentation of bacteria. Amikacin 

sulphate is a semisynthetic aminoglycoside antibiotic used to 

treat bacterial andurinary tract infections as well as to cure 

multidrug- resistant tuberculosis.[15-17] Amikacin sulphate 

binds to components of bacteria that produce important 

bacterial proteins, blocking protein synthesis which eventually 

leads to stopping further bacterial growth. The mechanism of 

drug action involves irreversible binding of 30S ribosomal 

subunit of a bacterium, which makes it impossible to produce 

proteins.[18] Thus amikacin sulphate exerts its bactericidal 

action against gram-negative organisms and some of gram 

positive organisms by inhibiting bacterial protein synthesis.[19] 

On the other hand, the biologically important amino acids 

alanine, arginine, glutamine and histidine have been selected 

for present study. Alanine is considered as non-essential amino 

acid and main source of energy for muscle tissue, brain, central 

nervous system. It plays imperative role in glucose-alanine 

cycle taking place between tissues and liver.[20] Arginine is 

classified as a semi-essential amino acid and plays a 

significant function in cell division, immune function, wounds 

healing, removing waste product from kidney, hormonal 

release, cardiovascular problems[21] and precursor for 

biosynthesis of nitric oxide in the blood.[22] Glutamine and 

histidine both are essential amino acids. Glutamine is essential 

for several metabolic functions such as acid-base homeostasis, 

gluconeogenesis, nitrogen transport and immune response.[23,24] 

Due to imidazole side chain of histidine, it helps in binding of 

heme groups, phosphate groups and macromolecules in the 

binding sites of protein.[25]  

In this regard, significant research efforts have been 

conducted over the past decade to the study physicochemical 

and thermodynamic properties of drug in aqueous,[26,27] non- 

aqueous[28,29] and mixed solutions[30,31] which provide valuable 

information about ion-ion and ion-polar solvent interactions. 

The variations of these properties with concentration and 

temperature provide mechanism of drug action. However, to 

best of our knowledge, no study on amino acids in aqueous 

amikacin sulphate solutions has been executed so far. In this 

perspective, the aim of the recent effort is to elucidate the 

amino acid-drug interactions and kosmotropic/chaotropic 

behaviour of amino acids by utilising volumetric, acoustical, 

viscometric and UV-visible studies. The chemical structures 

of drug and amino acids are shown in the Scheme 1. 

 

2 Experiment 

2.1 Materials 

The amino acids, alanine, glutamine and histidine, with 

purity >99% purchased from Merck Specialties Pvt. Ltd. 

Germany and arginine with purity >98.50% supplied by sd-

fine Chem Ltd. India. All the amino acids were recrystallized 

twice in distilled water and dried in vacuum oven for 24 hrs at 

~ 50-60 ℃. Amikacin sulphate supplied by Himedia was used 

as such without any further purification. The sample of 

distilled water having conductivity (1-3) μS cm−1 and pH (6.8-

7.0) at 298.15 T/K collected from the Millipore-Elix 

distillation system. The details of chemicals used have also 

been specified in Table 1. 

 

2.2 Methods 

Distilled water was used to prepare aqueous solutions of 

amikacin sulphate with concentrations 0.001, 0.005, and 0.010 

mol∙kg−1. The requisite concentrations of alanine, arginine, 

glutamine and histidine (0.02-0.20 mol kg−1) were prepared by 

addition of small aliquots of concentrated aqueous solution of 

amino acids to stock solutions of amikacin sulphate (20 ml). 

Density and speed of sound values of all the studied amino 

acids and amikacin sulphate solution were measured by using 

DSA 5000, Anton Paar. The reproducibility in density and 

sound velocity was found to be 2 × 10−3 kg∙m−3 and 0.2 m∙s−1, 

respectively.[32] Water, 1, 4-Dioxane and Dimethylsulfoxide 

(DMSO) was used for testing the density and ultrasonic 

velocity.[33-38] Jacketed Ostwald viscometer was used to carry 

out viscosity measurements.  

The experimental temperature range was sustained by 

circulating water from a high precision water bath (The 

experimental uncertainty in temperature 

 
Scheme 1. Chemical structures of amikacin sulphate, alanine, arginine, glutamine and histidine. 
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Table 1. Details of used chemicals. 

Chemical name Source M. Wt. / kg∙mol-1 CAS no. 
Purification 

method 

Percentage 

Puritya 

L-Alanine (C3H7NO2) Merck 0.8909 56-42-7 Recrystallization > 0.99 

L-Arginine (C6H14N4O2) 
sd-fine Chem 

Limited 
0.1742 74-79-3 Recrystallization >0.98 

L-Glutamine (C5H10N2O3) Merck 0.14614 56-85-9 Recrystallization > 0.99 

L-Histidine (C6H9N3O2)  Merck 0.15515 71-00-1 Recrystallization > 0.99 

Amikacin sulphate 

(C22H47N5O21S2) 
Himedia 0.78175 39831-55-5 ----- > 0.99 

aDeclared by the supplier. 

 

measurements have been found to be ± 0.01 K) from Narang 

Scientific Works (NSW) Pvt. Ltd., New Delhi.[39] The efflux 

time of flow was calculated with the help of digital stopwatch 

having uncertainty of 0.01 s. The UV–visible studies of 

alanine, arginine, glutamine and histidine (0.02–0.20 mol·kg−1) 

in aqueous amikacin sulphate solutions (0.001, 0.005, and 

0.010 mol∙kg−1) have been done with GENESY 10S UV–Vis 

spectrophotometer (190-900 nm) supplied by Thermo 

Scientific USA.[66,67] The absorption spectra of ternary systems 

(drug + amino acid + water) have been recorded at 220, 223 

and 226 nm respectively at T = 298.15 K. 

 

3 Results and discussion 

3.1 DSA Measurements 

Density (  ) and speed of sound ( u ) of amino acids (0.02-

0.20) mol∙kg−1 in aqueous and amikacin sulphate solutions 

(0.001, 0.005, and 0.010 mol∙kg−1) have been reported in 

Tables S1 and S2 of supporting information, respectively at 

temperatures range 293.15 to 313.15 with interval of 5 K. The 

results show that both    and u  values increase with 

concentration of amino acids as well as drug content. This can 

be explained in terms of cohesion brought about by ionic 

hydration, which may also be due to overall increase of 

cohesion brought about by ion-ion and ion-solvent 

interactions present in solution that leads to shrinkage in 

volume due to presence of solute. The  value decreases with 

rise in temperature which may be due to increment of kinetic 

energy, volume expansion etc. However, u  value increases 

with rise in temperature. The increase in speed of sound may 

be attributed to the volume contraction brought about by the 

hydration.  

The density data were used to calculate apparent molar 

volumes V  using following equation:[43] 






M

m
V +

−
=

0

0
                              (1) 

where ρ0 (kg∙m−3) is density of pure solvent, ρ is the density 

(kg∙m−3) solution, M is the molar mass of the solute (kg∙mol−1) 

and m is the molality (mol∙kg−1) of the solution, From the 

apparent molar volume data (summarized in Table S3 of 

supporting information), it is observed that apparent molar 

volume for the amino acids rises with increasing concentration 

of drug and temperature. Partial molar volume 
V  which is 

the limiting value of apparent molar volume have been 

evaluated by least square fitting of apparent molar volume V

by following equation:[44] 

mSVV v+= 


                                  (2) 

where 

V

 is the standard partial molar volume at infinite 

dilution and vS  is the experimental slope. The vS  and 

V

are 

indicative of the solute-solute and solute-solvent interactions 

respectively. The solute-solute interactions are negligible at 

infinite dilution, thus standard partial molar property and its 

temperature dependence provides valuable information of the 

solute-solvent interactions in the system. The 

V

 values for 

aqueous solution of the amino acids i.e. alanine, arginine, 

glutamine and histidine are good obedience with studied 

literature values and are reported in Table 2. The presence of 

solute-solvent interactions is reflected by positive 

V

values 

which increase with concentration of the amikacin sulphate as 

well as temperature and the order is as: pure water < 0.001 < 

0.005 < 0.010 mol·kg-1 aqueous solution of drug. Further, with 

increase in the hydrophobic character, group of amino acids 

may compel water molecules to move away from the charged 

centers consequently the solute-solvent interactions seem to be 

enhanced and follows the order as arginine > histidine > 

glutamine > alanine. In the studied ternary (amino acid-drug-

water) system, the following type of interactions could be 

possible to occur: 

1. Ion-hydrophilic interactions between charged end centers (-

NH3
+, -COO–) of amino acids and charged centers on 

amikacin sulphate;  

2. Hydrophilic-hydrophilic interactions through the hydrogen 

bond between –OH group of amino acids/amikacin sulphate 

respectively;  

3. Ion-hydrophobic interactions between charged centers of 

amino acids/amikacin sulphate and hydrophobic (non-polar) 

part of amino acids/ amikacin sulphate; 

4. hydrophobic-hydrophobic interactions between 

hydrophobic (non-polar) part of amino acids/amikacin 

sulphate.  
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As per co-sphere overlap model,[49] the ion-hydrophilic 

interactions and hydrophilic-hydrophilic interactions are 

found to increase in 
V  , whereas the ion-nonpolar group 

interactions result in decrease in 
V  . Thus, in the present 

(alanine/arginine/glutamine/histidine in aqueous amikacin 

sulphate solutions) systems, the ion-hydrophilic interactions 

and hydrophilic-hydrophilic interactions supersede the ion-

nonpolar group interactions. The increased hydrophobic 

character of side chain of amino acids reduces the 

electrostricted water molecules in solutions. Thus, the 

hydrated zwitterions relax some water molecules to the bulk 

water which lead to increase in volume (Scheme 2).[50]  

The 
V  values increase with rise in temperature for amino 

acid-drug system as shown in Fig. 1 (a-d). This has been 

explained in literature by considering the primary and 

secondary solvation layers around the ions. At higher 

temperatures, the solvent molecules are free from secondary 

solvation layer of dually charged ions and release them into 

the bulk solvent, resulting in the expansion of solution, as 

inferred from larger values at higher temperatures.[42] 

 
Scheme 2: Hypothetical model showing drug-amino acid interactions. 

 

Fig. 1 Representative plots of V vs. concentration of (a) Alanine, (b) Arginine, (c) Glutamine and (d) Histidine in 0.005 mol∙kg–1aqueous 

solution of Amikacin sulphate at different temperatures. 
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Table 2. The partial molar volume, 
V   (m3∙mol-1), slope, 

vS  (m3∙mol-2∙kg) transfer partial molar volume, 


Vtr  (m3∙mol-1) for 

Alanine, Arginine, Glutamine and Histidine in pure water and aqueous solutions of Amikacin sulphate at different temperatures and 

experimental pressure, p = 0.1 MPa. 

T(K) 
Alanine 

 
Arginine 


V  

vS  


Vtr  

V  
vS  


Vtr  

Pure water 

293.15 

59.49 

59.48 [33] 

60.84 

-0.97 –  122.12 -29.12 – 

298.15 
59.79 

59.81 [32] 
-1.58 –  

123.06 

123.72 

[41,48] 

-27.86 – 

303.15 
60.16 

60.18 [32]  
-1.70 –  124.06 -24.53 – 

308.15 
60.44 

60.78 [49] 
-2.33 –  

124.11 

124.75 [47] 
-14.16 – 

313.15 
60.73 

61.14 [47] 
-3.01 –  

124.24 

123.90 [41] 

124.10 [41] 

-8.53 – 

0.001 mol∙kg-1 Amikacin sulphate 

293.15 60.69 -5.68 1.20  127.05 -46.43 4.93 

298.15 61.07 -5.63 1.27  128.19 -48.53 5.13 

303.15 61.49 -5.58 1.33  129.41 -46.98 5.35 

308.15 61.91 -6.49 1.47  129.51 -35.79 5.40 

313.15 62.28 -7.02 1.55  129.76 -30.09 5.52 

0.005 mol∙kg-1 Amikacin sulphate 

293.15 61.00 -33.48 1.51  128.14 -100.23 6.02 

298.15 61.41 -26.66 1.61  129.22 -85.27 6.16 

303.15 61.86 -19.45 1.70  130.42 -74.51 6.36 

308.15 62.23 -16.69 1.79  130.59 -47.79 6.48 

313.15 62.62 -17.05 1.89  131.01 -27.93 6.77 

0.010 mol∙kg-1 Amikacin sulphate 

293.15 61.45 -8.20 1.96  129.24 -54.98 7.12 

298.15 61.85 -6.91 2.05  130.26 -50.93 7.20 

303.15 62.29 -5.72 2.13  131.45 -37.90 7.39 

308.15 62.68 -6.40 2.24  131.60 -28.21 7.49 

313.15 63.12 -7.03 2.39  131.82 -13.50 7.58 

T(K) 
Glutamine 

 
Histidine 


V  

vS  


Vtr  

V  
vS  


Vtr  

Pure water 

293.15 93.44 [42]* -6.64 –  97.14 [42] -6.97 – 

298.15 
93.72 

93.61 [47] 
-6.66 –  98.51[42] -8.97 – 

303.15 94.21[47] -6.84 –  
99.95 

99.30 [49] 
-5.46 – 

308.15 94.60 [42] -6.91 –  101.31[42] -3.93 – 

313.15 94.99[42] -7.55 –  102.46[42] -1.72 – 

0.001 mol∙kg-1 Amikacin sulphate 

293.15 97.50 -29.85 4.06  102.00 -22.98 4.86 

298.15 98.04 -26.80 4.33  103.55 -27.04 5.04 

303.15 98.75 -26.40 4.54  105.26 -28.34 5.32 

308.15 99.40 -26.40 4.80  106.66 -29.22 5.35 

313.15 100.02 -23.30 5.03  107.89 -29.76 5.43 

0.005 mol∙kg-1 Amikacin sulphate 
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Continued 

293.15 98.44 -23.61 5.00  103.05 -72.01 5.91 

298.15 99.94 -23.60 6.22  104.60 -54.00 6.09 

303.15 99.66 -24.63 5.45  106.19 -39.94 6.25 

308.15 100.26 -26.57 5.66  107.68 -33.88 6.37 

313.15 100.90 -28.95 5.91  108.89 -25.16 6.43 

0.010 mol∙kg-1 Amikacin sulphate 

293.15 99.34 -29.53 5.90  104.09 -31.14 6.95 

298.15 99.75 -25.53 6.03  105.61 -23.25 7.10 

303.15 100.33 -20.38 6.12  107.24 -11.04 7.30 

308.15 100.85 -19.02 6.25  108.66 -6.69 7.35 

313.15 101.33 -18.51 6.34  109.89 -2.21 7.43 
*Number in parenthesis represents the reference number with which the 

V values have been compared. 

 

The apparent molar isentropic compressibility values for 

amino acid in water and aqueous amikacine sulphate solutions 

have been calculated by using the relation:[31] 

o

os
ss

m
VK






)(
,

−
+=                        (3)

 
where 

ooo u  2/1=  and  2/1 us =   are the isentropic 

compressibility of the solvent and solution (T∙Pa−1), 

respectively. The 
s   values reported in Table S4 of 

supporting information for the amino acids in aqueous 

solutions of amikacin sulphate are found to decrease with rise 

in concentration of amino acids/drug and temperature, which 

may be considered due to formation of zwitterions-water and 

zwitterions-ion structure in solution. Also, from the data, we 

found that decrease in 
s   values follow the alanine > 

glutamine > histidine > arginine. This decreasing sequence is 

in accordance of increasing of increasing number of -CH2 

groups of these amino acids, which contributes to increased 

amikacin sulphate-amino acid interactions. 

Furthermore, the observed 
,sK   values (Table S5 of 

supporting information) are negative and magnitude of the 

negative values of ,sK decrease with rise in the concentration 

of amikacin sulphate as illustrated in Fig. 2 (a-d). However,  

 

Fig. 2 Representative plots of ,sK  vs. concentration of (a) Alanine, (b) Arginine, (c) Glutamine and (d) Histidine in 0.005 mol∙kg–

1aqueous solution of Amikacin sulphate at different temperatures (K). 
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with rise in temperature, the values are found to increase. The 

negative values ,sK   propose that the bulk water molecules 

are more compressible as compared to water molecules 

surrounding the solute, also suggest the presence of strong 

solute-solvent interactions as indicated by V values as well. 

Partial molar isentropic compressibility (
o

s  ,  ) and slopes 

(
kS ) can be calculated by using method of linear regression:[31] 

mSKK Kss += 
 ,,

                            (4) 

where 
o

s  ,  and
kS  provide information about solute-solvent 

and solute-solute interactions. The values of 
o

s  ,  and 
kS   at 

different temperatures and concentrations of amikacin 

sulphate are given in Table 3. With rise in temperature, 
o

s  ,  

values become less negative, which means that electrostriction 

gets reduced and therefore some water molecules are released 

into the bulk, making the medium more compressible. 

Relatively, smaller 
kS   values for all the studied systems 

suggest very weak solute-solute interactions. On the other 

hand, the magnitude of different types of interactions implies 

to be in direct relation with rise in amikacin sulphate 

concentration which results in less negative
o

s  ,  values for all 

the amino acids in all the cases. Dehydration of amino acids 

by amikacin sulphate occurs due to strong interaction between 

polar groups of drug and water molecules and consequently it 

reduces the electrostriction of solvent around amino acid.[51] 

Thus at high concentration of amikacin sulphate the water 

molecule surrounding the amino acids are more compressible 

than water molecules at lower concentration of drug.  

 

Table 3. The partial molar isentropic compressibility,
o

s  ,   (m3∙mol-1∙TPa-1), slope, 
kS   (m3∙mol-2∙ Pa-1.kg), transfer partial molar 

isentropic compressions, 
o

str  ,   (m3∙mol-1∙TPa-1) for Alanine, Arginine, Glutamine and Histidine in pure water and aqueous 

solutions of Amikacin sulphate at different temperatures and experimental pressure, p = 0.1 MPa. 

 Alanine  Arginine 

T/K 
o

s  ,  kS  o

str  ,   
o

s  ,  kS  o

str  ,  

Pure water 

293.15 -10.13 -5.63 -  -40.89 -2.21 – 

298.15 -9.01 -3.46 -  -38.49 -9.74 – 

303.15 -8.07 -2.87 -  -36.42 -5.49 – 

308.15 -6.89 -1.34 -  -34.03 -10.13 – 

313.15 -5.22 -2.86 -  -30.86 -15.66 – 

0.001 mol∙kg-1 Amikacin sulphate 

293.15 -9.65 -7.91 0.48  -35.97 -13.58 4.92 

`298.15 -8.1 -10.38 0.91  -33.27 -9.76 5.22 

303.15 -6.73 -8.01 1.34  -30.84 -5.64 5.58 

308.15 -4.99 -8.51 1.90  -28.31 -8.89 5.72 

313.15 -3.17 -13.85 2.05  -25.00 -14.75 5.86 

0.005 mol∙kg-1 Amikacin sulphate 

293.15 -9.26 -64.11 0.87  -33.82 -33.39 7.07 

298.15 -7.62 -57.7 1.39  -30.14 -25.71 8.35 

303.15 -5.89 -48.36 2.18  -27.98 -13.03 8.44 

308.15 -4.11 -51.81 2.78  -25.28 -11.98 8.75 

313.15 -2.01 -57.13 3.21  -21.89 -9.89 8.97 

0.010 mol∙kg-1 Amikacin sulphate 

293.15 -9.04 -46.33 1.09  -29.59 -6.64 11.30 

298.15 -7.18 -43.98 1.83  -26.30 -7.79 12.19 

303.15 -5.42 -35.16 2.65  -23.41 -10.28 13.01 

308.15 -3.79 -38.52 3.10  -20.72 -16.86 13.31 

313.15 -1.93 -37.97 3.29  -17.43 -23.54 13.43 

 Glutamine  Histidine 

T/K 
o

s  ,  kS  o

str  ,   
o

s  ,  kS  o

str  ,  

Pure water 

293.15 -21.40 -58.06 –  -37.93 10.73 – 

298.15 -19.16 -56.68 –  -34.22 7.70 – 

303.15 -17.17 -54.68 –  -30.33 8.79 – 

308.15 -15.68 -53.64 –  -27.21 7.4 – 
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Continued 

313.15 -14.79 -50.95 –  -24.42 8.39 – 

0.001 mol∙kg-1 Amikacin sulphate 

293.15 -17.96 -99.58 3.44  -33.73 -9.54 4.20 

`298.15 -15.46 -99.20 3.70  -29.92 -11.29 4.30 

303.15 -13.35 -94.40 3.83  -25.75 -9.98 4.58 

308.15 -11.61 -86.53 4.08  -22.44 -10.73 4.78 

313.15 -10.55 -80.81 4.24  -19.50 -12.50 4.92 

0.005 mol∙kg-1 Amikacin sulphate 

293.15 -17.35 -76.99 4.05  -31.70 -48.66 6.23 

298.15 -14.82 -83.73 4.34  -27.12 -32.06 7.11 

303.15 -12.85 -79.68 4.33  -22.71 -17.60 7.62 

308.15 -11.38 -80.24 4.31  -19.27 -17.77 7.94 

313.15 -10.28 -77.31 4.51  -16.37 -7.70 8.05 

0.010 mol∙kg-1 Amikacin sulphate 

293.15 -17.04 -63.02 4.36  -27.76 -14.98 10.17 

298.15 -14.60 -68.78 4.56  -23.99 -18.10 10.23 

303.15 -12.63 -64.37 4.55  -19.85 -12.12 10.47 

308.15 -11.23 -57.01 4.46  -16.53 -10.25 10.68 

313.15 -9.81 -46.30 4.98  -10.50 -24.56 13.92 

Standard uncertainties, u are u (T) = ±0.01 K, u (P) =0.002 MPa, u ([Ala]/[Arg]/[Glu]/[His]) = 0.04 mol·kg−1 (level of 

confidence = 0.68). 

 

3.1.1 Some Derived Parameters from Density and Speeds 

of sound Data 

The partial molar volumes of transfer ( 


Vtr ), of the amino 

acids from water to aqueous amikacin sulphate solutions at 

infinite dilution have been calculated by using the equation: 

)().( waterVdrugaqVVtr








 −=            (5) 

and the results are reported in Table 2. These values of 


Vtr  

play important role as being free form solute-solute 

interactions, and therefore provide information regarding 

solute-solvent interactions. As seen from Table 2, the transfer 

volumes 


Vtr  of these amino acids are positive in aqueous 

amikacin sulphate solutions, also 


Vtr   values follow the 

trend: arginine > histidine > glutamine > alanine, these values 

show considerable dependence on both drug concentration and 

temperatures. However, the trends of variation of 


Vtr  are 

found consistent with the trends of variation of 
V . 

According to Shahidi’s equation the partial molar volumes, 

V  of amino acid molecule can be represented as follows: 

shrinkagevoidwv VVVV −+= ..




                    (6) 

where Vvw is van der Waal’s volume, Vvoidis the associated 

void or empty volume, and Vshrinkage is the shrinkage in volume 

caused by different solute-solvent interactions. Also we 

assume that Vvw and Vvoid have the same magnitudes in water 

as well as in aqueous amikacin sulphate solutions. Due to 

strong interactions between ions of amino acids and drug, the 

electrostriction of the neighbouring water molecules due to the 

charged zwitterionic centres will be reduced in the presence of 

amikacin sulphate, which will lead to decrease in shrinkage 

volume. 

The variation of 


V  with temperature can be expressed as 

equation: 

2cTbTaV ++=


                            (7) 

where T is the temperature in Kelvin, and a, b, and c are 

constants. 

The partial molar expansibility at infinite dilution can be 

obtained by differentiating equation with respect to 

temperature: 

cTbTV pE 2)/( +== 



                 (8) 

The 0

E  values of amino acids at different temperatures are 

given in Table 4. From the Table, we note that at each 

temperature 0

E   values for amino acids in pure water and 

aqueous amikacin sulphate solutions have positive values. 

Positive expansibility (i.e. increasing volume with increasing 

temperature) is characteristic of solvation and electrostriction 

of amino acids in aqueous amikacin sulphate solutions. With 

increase in temperature, some water molecules may be 

released from the hydration layers. This would increase the 

solution volume a little more rapidly than that of pure water 

and so 0

E  would be positive. 

Hepler[52] determined the capacity of solute as structure 

maker and structure breaker in mixed solvent using general 

thermodynamic expression: 

cTVT pE 2)/()/( 22 == 



              (9) 

The sign of 
PE T )/(    determines the tendency of 

dissolved solute as structure maker or structure breaker in a 

solvent, positive 
PE T )/(    values indicate structure 

making capacity, whereas negative 
PE T )/(   values hold 

for structure breaking capacity of solutes (amino acids). In the 

present case positive values of 
PE T )/(    show the 

structure making ability of all the amino acids in aqueous 

amikacin sulphate solutions. 
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Table 4. Coefficients a, b and c of equation (7), partial molar expansion Coefficients pTV )/(  
 (m3∙mol-1∙K-1) and pTV )/( 22  



(m3∙mol-1∙K-2) forAlanine, Arginine, Glutamine and Histidine in pure water andaqueous solution of Amikacin sulphate at different 

temperatures (K) and experimental pressure, p = 0.1 MPa. 

[Drug] 

(mol·kg-

1) 

A B C pTV )/(  

 , 106 
 

pTV )/( 22  

 ,106 
293.15K 298.15K 303.15K 308.15K 313.15K 

Alanine 

0.000 84.9200 -0.238 0.0005 0.06101 0.06611 0.07121 0.07631 0.08141 0.00102 

0.001 107.4729 -0.394 0.0008 0.07515 0.08315 0.09115 0.09915 0.10715 0.00160 

0.005 117.5524 -0.388 0.0008 0.09987 0.10819 0.11651 0.12483 0.13315 0.00166 

0.010 107.0636 -0.390 0.0008 0.07916 0.08716 0.09516 0.10316 0.11116 0.00160 

Arginine 

0.000 170.5267 -0.517 0.0012 0.18030 0.19220 0.20410 0.21600 0.22790 0.00238 

0.001 198.4707 -0.712 0.0016 0.22570 0.24170 0.25770 0.27370 0.28970 0.00320 

0.005 272.4067 -1.194 0.0024 0.21355 0.23755 0.26155 0.28555 0.30955 0.00480 

0.010 363.6969 -1.792 0.0034 0.20132 0.23532 0.26932 0.30332 0.33732 0.00680 

Glutamine 

0.000 361.312 -2.060 0.003541 0.016206 0.051618 0.087030 0.122442 0.157854 0.007082 

0.001 363.009 -1.903 0.003400 0.090820 0.124820 0.158820 0.192820 0.226820 0.006800 

0.005 453.697 -2.502 0.004400 0.078000 0.122000 0.166000 0.210000 0.254000 0.008800 

0.010 372.471 -1.928 0.003400 0.065020 0.099020 0.133020 0.167020 0.201020 0.006800 

Histidine 

0.000 155.469 -0.668 0.001600 0.270000 0.286000 0.302000 0.318000 0.334000 0.003200 

0.001 288.504 -1.569 0.003200 0.306557 0.338557 0.370557 0.402557 0.434557 0.006400 

0.005 99.368 -0.280 0.001000 0.305248 0.315248 0.325248 0.335248 0.345248 0.002000 

0.010 205.613 -0.988 0.002200 0.300912 0.322912 0.344912 0.366912 0.388912 0.004400 

Standard uncertainties, u are u (T) = ±0.01 K, u (P) =0.002 MPa, u ([Ala]/[Arg]/[Glu]/[His]) = 0.04 mol·kg−1 (level of 

confidence = 0.68). 

  

The partial molar isentropic compressions of transfer 

(
o

str  , ) of amino acids from water to aqueous solutions of 

amikacin sulphate has been calculated from the following 

equation: 

)( ).( ,,, purewaterKdrugaqKK s

o

sstr





 −=      (10) 

The values of 
o

str  ,  are reported in Table 3 and are found 

to be positive. These values increase with rise in concentration 

of amikacin sulphte as well as with temperature for all the 

amino acids. However, these values are larger in magnitudes 

for arginine and pursue the pattern: arginine > histidine > 

glutamine > alanine. All these observations show 

predominance of hydrophilic-ionic/hydrophilic-hydrophilic 

interactions. With the increase in concentration of amikacin 

sulphte, the phenomenon of electrostriction decreases and thus 

structure making tendency of the ions increase.  

 

3.2 Viscosity Measurements 

The viscosity data are reported in supporting information 

Table S6. Viscosity values increase amino acids concentration 

as well as with drug concentration, which suggests the 

presence of strong intermolecular interactions between solute 

and solvent. The decreasing trend in viscosity values with rise 

in temperature can be attributed to the decrease in different 

intermolecular interactions caused by the increase in the 

kinetic energy of molecules and results have been analyzed by 

using the Jones-Dole [53] equation of the form 
2/12/1/)1( BmAmr +=−=             (11) 

where m  is molality of solution, )/( or  =   is the 

relative viscosity of the solution,    and 0   are the 

viscosities of solution and the solvent  respectively, A and B 

are the Falkenhagen and Jones-Dole coefficients, respectively. 

Coefficient A accounts for the solute-solute interactions and B 

measures the size, shape, charge effects and structural effect 

induced by the solute-solvent interactions. 

The plots of 
2/1/)1( mr −  versus 

2/1m  were found 

linear over the range of measured concentrations and 

temperatures and values of A and B have been obtained as the 

intercept and slope of the plots of curves (Fig. 3(a-d)). The 

large and positive B-values are indicative of stronger solute-

solvent interactions, whereas negative or positive (small 

magnitude) indicating weak solute-solute interactions.[54] The 

increasing magnitudes of B-values (Table S7 of supporting 

information) with increase in concentration of amikacin 

sulphate reveals that amino acids-water/drug-water and amino 

acid-drug interactions enhance the overall structure of the 

solvent. However, these values decrease with increase in 

temperature suggesting that hydration effects are temperature 

dependent.  

Furthermore, the sign of dB/dT values give important 

information regarding the structure-making/breaking ability 

of the solute in the solvent medium. The negative values of 

dB/dT indicates structure-maker capacity of solute while 

positive values show structure-breaker behaviour of solutes in 

solution.[55] In the present case dB/dT sign is negative for all 

the amino acids indicating that amino acids act as structure 
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Fig. 3 Representative plots of   versus m1/2 (a) Alanine, (b) Arginine, (c) Glutamine and (d) Histidine in 0.001 mol∙kg-1 aqueous 

solution of Amikacin sulphate at 293.15 K (■), 298.15 K (●), 303.15 K (▲), 308.15 K (▼), and 313.15 K (◄). 

 

maker in aqueous solution of amikacin sulphate. 

 

3.2.1 Some Derived Parameters from Viscosity Data 

The viscosity B-coefficient of transfer Btr  , of amino acids 

from water to aqueous amikacin sulphate solutions have been 

calculated by using the equation[56] 

)()( waterBAqdrugBBtr −=                    (12) 

The Btr   values of various amino acids are positive and 

follow the order:  arginine > histidine > glutamine > alanine. 

This suggests that an overall structural increase occurs in 

solution and this property gets enhanced with the 

concentration of amikacin sulphate. Moreover, the positive 

Btr   values suggest the predominance of hydrophilic-ionic 

interactions over the hydrophobic-ionic interactions, which 

further get strengthened with temperature as shown by 

increase in Btr  values (Table S7 of supporting information). 

These results support our conclusions drawn from 
o

vtr  and 

o

tr  values reported earlier. 

The various thermodynamic activation parameters such as 

free energy of activation of viscous flow per mole of solvent

)( *

1

o , the free energy of activation of viscous flow per mole 

of solute )( *

2

o  , the activation entropy (
*

2

oS  ) and 

activation enthalpy (
*

2

oH  ) for viscous flow have been 

calculated as shown in the supplementary materials and 

reported in Table 5.  

Eyring and co-workers[57] proposed the following relation 

for the calculation of the free energy of activation of viscous 

flow per mole of solvent, 
*

1

o   : 








 
=

RTV

hN

o

A
o

*0

1

1

exp


                        (13) 

where h  is the Planck’s constant, AN is the Avogadro’s 

number, R  is the universal gas constant, T is the temperature 

and )/(1 dMxV ii

o = is the mean volume of the solvent. 

The terms ix and iM denote the mole fractions and molecular 

weights of water and drug, and d  is the density of solvent 

mixture (water + drug). Rearrangement of above equation 

yields: 
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=

A

o

o

hN

V
RT 1*0

1 ln


                       (14) 

Based on Eyring transition state theory, Feakins et al.[58] 

suggested the following equation for the free energy of 

activation of viscous flow per mole of solute, 
*

2

o  : 

RT

V
VVB

o
oo )(
)(

*0

1

*0

21
21

 −
+−=       (15) 

where 
oV2  is the partial molar volume of solute and is 

equivalent to 
o

v . Equation (15) can be written as follows: 

 )( 21

1

*0

1

*0

2

oo

o
VVB

V

RT
−−














+=          (16) 

The values of 
oV1  , 

*

1

o  and 
*

2

o  and
oV2   (which is 

equivalent to 
o

v ) values have been reported in Table 5.  

The activation entropy (
*

2

oS ) for different amino acids 

studied has also been calculated from the following relation:[59]  

*

2

*0

2 /)( oSdTd −=                 (17) 

The slopes of linear plots of 
*

2

o   versus T represent the 

values of 
*

2

oS . The activation enthalpy (
*

2

oH ) for viscous 

flow of amino acids has been calculated with the help of the 

following relation:  

*

2

*0

2

*

2

oo STH +=                       (18) 

It is also evident from Table 5 that for amino acids in 

aqueous amikacin sulphate solutions, the 
*

2

o  values are 

positive and much larger than those of 
*

1

o  values. This 

suggests that the interactions between amino acids and solvent 

(aqueous-amikacin sulphate) molecules in the ground state are 

stronger than in the transition state. Hence the formation of the 

activation complex becomes less favourable due to rupture 

and distortion of intermolecular forces in the solvent 

structure.[60] The larger value of 
*

2

o   for arginine shows 

superior structure-making tendency of the solute as compared 

to other amino acids.  Furthermore, the 
*

2

o values decrease 

with increase in temperature, indicating that solute-solvent 

interaction increases. It is interesting to note that for these 

amino acids, 
*

2

oH   and 
*

2

oS  values are positive 

indicating that the formation of transition state linked with 

bond breaking and decrease in order in the system.[61] 

 

Table 5. The partial molar volume of solvent, 
oV1  (m3∙ mol-1), Free energy of activation per mole of solvent 

*

1

o (kJ∙ mol-1), Free 

energy of activation per mole of solute, 
*

2

o (kJ∙ mol-1), Activation enthalpy, 
*

2

oH (kJ∙ mol-1), for Alanine, Arginine, Glutamine 

and Histidine in pure water and aqueous solutions of Amikacin sulphate at different temperatures and experimental pressure, p = 0.1 

MPa. 

T/K oV1 ,106 
*

1

o  
Alanine 

 
Arginine 

*

2

o  
*

2

oST  
*

2

oH  
*

2

o  
*

2

oST  
*

2

oH  

Pure water 

293.15 18.0324 9.293 29.874 23.950 73.824  62.774 2.638 65.412 

298.15 18.0534 9.161 29.496 24.359 73.855  61.901 2.683 64.584 

303.15 18.0789 9.041 29.037 24.767 73.805  61.024 2.728 63.753 

308.15 18.1083 8.929 28.652 25.176 73.827  60.173 2.773 62.947 

313.15 18.1416 8.826 28.853 25.584 73.838  59.371 2.818 62.189 

0.001 mol∙kg-1Amikacin sulphate 

293.15 18.0352 9.313 51.292 14.364 65.656  66.019 2.052 68.072 

298.15 18.0560 9.169 51.056 14.609 65.666  65.323 2.087 67.410 

303.15 18.0789 9.054 50.809 14.854 65.663  64.599 2.122 66.722 

308.15 18.1087 8.950 50.585 15.099 65.684  63.885 2.157 66.042 

313.15 18.1420 8.843 50.294 15.344 65.638  63.178 2.192 65.370 

0.005 mol∙kg-1 Amikacin sulphate 

293.15 18.0392 9.327 51.800 12.605 64.406  66.357 1.202 67.559 

298.15 18.0594 9.188 51.553 12.820 64.374  65.622 1.222 66.844 

303.15 18.0874 9.075 51.349 13.035 64.384  64.888 1.243 66.130 

308.15 18.1171 8.966 51.136 13.250 64.387  64.183 1.263 65.446 

313.15 18.1508 8.861 50.913 13.465 64.379  63.592 1.284 64.876 

0.010 mol∙kg-1 Amikacin sulphate 

293.15 18.0747 9.339 52.257 12.019 64.276  66.751 1.173 67.924 

298.15 18.0833 9.209 52.096 12.224 64.321  66.039 1.193 67.231 

303.15 18.1089 9.096 51.905 12.429 64.334  65.274 1.213 66.487 
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Continued 

308.15 18.1392 8.987 51.647 12.634 64.281  64.545 1.233 65.777 

313.15 18.1749 8.888 51.453 12.839 64.292  63.873 1.253 65.125 

T/K oV1 ,106 
*

1

o  Glutamine  Histidine 

   
*

2

o  
*

2

oST  
*

2

oH   
*

2

o  
*

2

oST  
*

2

oH  

Pure water 

293.15 18.0324 9.293 34.909 12.605 53.133  40.527 10.260 50.788 

298.15 18.0534 9.161 34.690 12.820 53.749  40.929 10.435 51.364 

303.15 18.0789 9.041 34.482 13.035 54.376  41.341 10.610 51.951 

308.15 18.1083 8.929 34.272 13.250 55.012  41.762 10.785 52.547 

313.15 18.1416 8.826 34.040 13.465 55.657  42.192 10.960 53.152 

0.001 mol∙kg-1 Amikacin sulphate 

293.15 18.0352 42.985 40.548 6.449 46.997  40.548 3.225 43.773 

298.15 18.0560 43.415 40.936 6.559 47.495  40.936 3.280 44.216 

303.15 18.0789 43.875 41.354 6.669 48.023  41.354 3.335 44.689 

308.15 18.1087 44.344 41.782 6.779 48.562  41.782 3.390 45.172 

313.15 18.1420 44.812 42.209 6.889 49.098  42.209 3.445 45.654 

0.005 mol∙kg-1 Amikacin sulphate 

293.15 18.0392 42.999 40.562 2.638 43.200  40.562 2.638 43.200 

298.15 18.0594 43.434 40.956 2.683 43.639  40.954 2.683 43.637 

303.15 18.0874 43.896 41.375 2.728 44.104  41.375 2.728 44.104 

308.15 18.1171 44.360 41.799 2.773 44.572  41.799 2.773 44.572 

313.15 18.1508 44.830 42.227 2.818 45.045  42.227 2.818 45.045 

0.010 mol∙kg-1 Amikacin sulphate 

293.15 18.0747 43.011 40.574 2.022735 42.597  40.574 1.466 42.040 

298.15 18.0833 43.455 40.977 2.057235 43.034  40.977 1.491 42.467 

303.15 18.1089 43.916 41.396 2.091735 43.487  41.396 1.516 42.911 

308.15 18.1392 44.381 41.820 2.126235 43.946  41.820 1.541 43.360 

313.15 18.1749 44.857 42.253 2.160735 44.414  42.253 1.566 43.819 

Standard uncertainties, u are u (T) = ±0.01 K, u (P) =0.002 MPa, u ([Ala]/[Arg]/[Glu]/[His]) = 0.04 mol·kg−1 (level of 

confidence = 0.68). 
  

 
Fig. 4 Plots of absorbance versus concentration of (a) Alanine, (b) Arginine, (c) Glutamine and (d) Histidine in (■) 0.001 mol∙kg-

1, (●) 0.005 mol∙kg-1, and 0.01 mol∙kg-1 (◄) aqueous solutions of Amikacin sulphate. 
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3.3 UV-Visible studies 

UV-Vis studies provide additional supporting evidences to 

analyze solute-solvent interactions.[62,23] The variation of 

absorption maxima of amino acids in aqueous solution of 

amikacin sulphate depends upon the nature and concentration 

of the solute/solvent.[63] A detail examination of Fig. 4(a-d) 

reveals that absorbance maximum increases with rise in 

concentration of amino acid and amikacin sulphate. The 

absorbance value follows the order given as: arginine > 

histidine > glutamine > alanine and 0.01 > 0.005 > 0.001 

mol∙kg-1 aqueous solution of drug (Table S8 of supporting 

information). The bathochromic shift analyzed for these 

amino acid may be accredited to the coordination of ions of 

amino acid to amikacin sulphate due to rupture of solvent layer 

around the solute, which results to extended conjugation 

resonance.[64,65] This effect may be attributed to increase in ion-

hydrophilic interactions and hydrophilic-hydrophilic 

interactions in the studied systems. 

 

4. Conclusion 

In present work, we have studied solvation behaviour of small 

bio-molecules in aqueous solution of amikacin sulphate at 

different temperatures by employing density, speed of sound, 

viscosity and UV-vis techniques. The main conclusion that can 

be drawn from this study is that there exist strong ion-ion and 

ion-hydrophilic interactions which gets strengthened with 

concentration of amino acids as well as drug content. The 

positive values of B-coefficients specify the hydration of 

solutes well known as kosmotropic behaviour of amino acids. 

Moreover, temperature variations of B-coefficient (dB/dT) are 

negative shows structure promoting tendency of amino acids. 

The various thermodynamic activation parameters reinforce 

the observation that the ground state is more ordered than the 

transition state.The bathochromic shift may be ascribed to 

increase in interactions between amino acid and aqueous 

amikacin sulphate solutions which compliance the results 

accessed from thermo-acoustical studies. The results help to 

understand the interaction of drug with natural biological 

membranes so as to improve the treatment efficacy of drug. 

 

Supporting information 

Density (   ), speed of sound ( u  ), Apparent molar volume 

( V   ), Isentropic compressibility ( s  ), Apparent molar 

isentropic compressibility (  ,s  ), Viscosity (   ) and 

Absorbance (    ) for amino acids-drug system at different 

temperature. 
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