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Introduction. Understanding the biophysical phenomena related to the Hofmeister series or cosmotropic/chao-
tropic properties of ions requires experimental data on specific ion effects of large organic molecules. 

Problem Statement. Specific ion effects are of significant importance for biophysics and medicine. It is inter-
esting to find out if additives with biologically relevant anions can interact with proteins and avoid aggregation. 

Purpose. The purpose of this research is to study the stabilizing/destabilizing effects in Poly(N-isopropy-
lacrylamide) (PNIPAM)/water, hen egg white/water systems under influence of substances of various classes of 
different hydrophobia. 

Materials and Methods. Materials: sodium salts: salicylate, ferulate, benzoate, vanillate, cinnamate; humic 
acid sodium salt, hydroxy-sodium benzoate, glycine, L-alanine, sodium L-glutamate, D-(—)-quinnic acid, PNIPAM, 
egg white. Methods: measurement of the transition temperature (TT) of PNIPAM/water and the denaturation 
temperature of the egg white / water systems. 

Results. Ion-specific effects have been studied with the use of models based on the research of the transition 
temperature (TT) evolution of binary PNIPAM / water mixtures (for heating from 0 to 35°C) and the denatura
tion temperature of the egg white / water (for heating from 48 to 65°C). The dependences of these temperatures 
on the content of substances that occur in live nature have been received at pH = 7.4. 

Conclusions. The results have shown the tendencies of the additive solubilizing effects on PNIPAM and egg 
white. The majority of substances studied has the salting-out effect on PNIPAM / water in the order NaBz ~ Na-
Cinn < L-NaGlu ~ NaFer. For NaSal and NaHum; the salting-in effect has been established. For the egg white, all 
additives show the salting-in effect. In PNIPAM and egg white systems, NaBz and L-NaGlu demonstrate the op-
posite effects. The results have been compared with the ones for binary mixtures of water/di-propylene glycol 
propyl ether (DPnP).

K e y w o r d s : specific ion effects, salting-in, salting-out, transition temperature (TT), egg white, and Poly(N-
isopropylacrylamide).
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Introduction. Specific ion effects [1] of large or-
ganic molecules, which are of significant impor-
tance for biophysics and medicine, are still rarely 
studied as compared with those of inorganic ions. 
However, understanding the biophysical phe-
nomena related to the Hofmeister series or cos-
motropic/chaotropic properties of ions requires 
corresponding thermodynamic data [2, 3]. 

In Patel et al. [4], it has been stated that ATP 
enhances protein stability. Adenosinetriphospha
te (ATP) has been shown to possess the proper-
ties of hydrotrope. ATP can prevent the origin of 
protein aggregates, respectively, they dissolve, i.e. 
ATP acts as biological hydrotrope. This occurs 
at physiological concentrations within the range 
from 5 to 10 mmol. 

Such studies are very important, because pro-
tein aggregates occur in many diseases, for examp
le in brain diseases. In Alzheimer, Parkinson, and 
Cholea Huntington, there are formed the “unheal
thy” aggregates of proteins, which coop up nerve 
cells or overfill the space between neurons. One ot
her type of brain diseases arises at that time when 
proteins stick together and destruct nerve fibers [5]. 
This lead to the Prion-diseases (protein forming in
fectious aggregates), e.g. BSE. Prions have defini
te spatial 3D structure with which they are biolo
gically active. Wrong whorled proteins cause nerve 
cells to die [6]. This is the cause of many proces
ses, e.g., the mechanism of BSE transfer from ring 
to human. 

The deficiencies of different metabolites or the 
supplementation of drugs could have specific ef-
fects on physiological machineries as well as non-
specific effects on protein solubility that could 
break processes in living body and cause diseases. 
This research therefore is supposed to elucidate 
the interactions of organic molecules in vitro by 
utilizing protein and protein-analog containing 
systems. It is interesting to study such effects and 
to see if additives e.g. with a polyphenol group 
and biologically relevant anions can interact with 
proteins and avoid aggregation. We have studied 
this issue with salting-in or salting-out ions of po
lyphenols, aromatic compounds, amino acids on 

egg white protein and on Poly(N-isopropylacry
lamide) (PNIPAM).

Poly(N-isopropylacrylamide) is chosen as un-
charged temperature responsive polymer that be-
longs to Stimuli-Responsive Polymers that are al
so actual for the design of “intelligent materials”. 

PNIPAM (Fig. a) is a thermosensitive hydro-
gel that undergoes a coil-to-globule transition [7]. 
It shows a phase transition from a swollen hyd
rated state to a shrunken dehydrated state losing 
about 90% of its volume. Note that PNIPAM is 
used in controlled drug delivery [8].

At lower temperature, PNIPAM orders itself 
in solution due to enhanced hydrogen bond with 
the already arranged water molecules. The water 
molecules reorient around the non-polar regions 
of PNIPAM, which results in decreasing entropy 
(ΔS↓). At lower temperature, the changing Gibbs 
free energy is dominated by an enthalpy effect 
(negative enthalpy): ΔG = ΔH — TΔS. At higher 
temperature, the entropy term (ΔS < 0) domi-
nates causing PNIPAM to release water and to 
separate the phases.

PNIPAM bears both hydrophobic (amide) and 
hydrophilic (isopropyl) groups. It is often used as 
a model system for cold denaturation of peptides 
and proteins [9]. In [10], with the use of a tempe
rature gradient microfluidic device under a dark 
field microscope, it has been shown that LCST (the 
lower critical solution temperature) of sodium salts 
with inorganic anions (SCN, I-, NO3

–, Br –, ClO4
– 

…CO3
2) and PNIPAM follows the classical Hof-

meister series. 
 In this research, the influence of additives on 

Poly(N-isopropylacrylamide) that is a polymer 
with some similarity to proteins, egg white analog 
has been studied. The present research supple
ments a preceding one published by Grundl et al. 
[11]. We extend here the study of the salting-out 

Fig. a. Structural formula of PNIPAM 
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and salting-in properties of organic molecules to 
polyphenols and aromatic compounds. These pro
perties are considered with the use of models based 
on the study of the evolution of the transition 
temperature (TT) and of the denaturation tem-
perature of binary mixtures of PNIPAM/water 
and egg white/water, respectively, with increa
sing additive concentration. 

 In our research, the temperature dependence 
of peptide chain unfolding has been studied in a 
wide temperature range. We have considered the 
influence of various parameters like concentra-
tion and pH on the thermal stability of egg white/
water and protein analog/water mixtures in the 
presence of additives with different structure, e.g., 
aromatic substances with hydrogen substituted 
by alkyl radical or OH groups in the benzene ring 
and made conclusions on salting-in and salting-
out behavior. The stabilizing/destabilizing effect 

of substances of various classes of different hyd
rophobia (polyphenols of natural origin with va
rious structure, quinic acid, amino acids, amino 
acid salts, etc.) on PNIPAM and chicken egg whi
te has been tested at pH = 7.4. The substances 
chosen occur in living body or in the nature. So-
dium ferulate is a phenolic compound that is pres-
ent in several plants with claimed beneficial ef-
fects and used for prevention and treatment of 
disorders associated with oxidative stress and in-
flammation. Sodium ferulate is constructed 5- HT-
Receptor as a Target. The in vitro study [12, 13] 
has shown inhibitory effect of sodium ferulate at 
the transcriptional level on the expression of so
me inflammatory mediators. 

The other additives to PNIPAM are sodium sa
licylate, humic acid sodium salt, aromatic acid salts: 
sodium benzoate, sodium cinnamate, and tribasic 
amino acid salt (sodium L-glutamate). Additives 
to egg white: sodium benzoate, hydroxy-sodium 
benzoate, sodium vanillate, D-(-)-quinic acid, so-
dium L-glutamate, glycine, and L-alanine. 

Materials. Next chemicals have been used wit
hout further purification: PNIPAM (Poly(N-iso-
propylacrylamide carboxylic acid terminated), Sig
ma Aldrich, Average Mr = 10000; sodium benzoate, 
Bioxtra; 3- hydroxybenzoic acid, Sigma Aldrich; 
vanillic acid, Sigma Aldrich; D-(–)-quinic acid, 
Alfa Aesar; sodium L-glutamate (monosodium glu-
tamate monohydrate), Sigma; glycine, Sigma; L-
alanine, Fluka, Sigma Aldrich;sodium salicylate, 

Fig. 1. Influence of sodium cinnamate additive on the TT 
of the PNIPAM/water system (1%) at pH = 10.1—11.2 and 
pH = 7.4

Table 1. Influence of Humic Acid Sodium Salt Additive  
on PNIPAM/Water System Transition Temperature

m (NaHum), 
mol/kg 

T, °C  
of Clouding 

(TT) 

Heating rate

T, °C 
Time 

hour : min

0 32.6 0 °С 9:51
0.01480 33.0 5 °С 9:53
0.00430 33.2 10 °С 9:55
0.02290 33.6 15 °С 9:57
0.03780 33.6 20 °С 9:59
0.07080 33.7 25 °С 10:00
0.01120 33.8 30 °С 10:01

Table 2. Influence of Quinnic Acid Additive on the Egg 
White/Water System Denaturation Temperature 

m (Q. a.), 
mmol/kg 

T, °C of Clouding 
(Denaturation 
temperature) 

Heating rate

T, °C 
Time 

hour : min

136.97 63.1 48 °С 11:29
118.99 62.4 50 °С 11:31
87.38 62.3 55 °С 11:33
50.81 62.0 60 °С 11:36
24.04 61.7 65 °С 11:39
12.20 61.4   

0 58.1   

0.10 0.15 0.20 0.25 0.30 0.35 0.400.05

T,
 °C
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Table 3. Transfer Temperature of the PNIPAM/Water System (1%)  
with Sodium Ferulate Additive, pH = 7.4 (heating from 0 °C to 35 °C)

m (NaFer), 
mol/kg

T, °C  
of Clouding (TT) 

Experiment1 

T, °C  
of Clouding (TT) 

Experiment2 

T, °C  
of Clouding (TT) 

Experiment3
Mean TT, °C 

Standard Deviation,  
σ/Relative Error, δ, %

0 33.2 33.0 32.5 32.75 σ =0.35; δ =1.07%
0.01794 33.2 32.5 31.3 31.9 σ =0.84; δ =2.57%
0.03079 33.1 32.2 31.2 31.7 σ =0.707; δ =2.14%
0.04747 32.9 31.1 31.2 31.15 σ =0.07; δ =0.22%
0.07673 32.4 30.1 30.3 30.20 σ =0.14; δ =0.47%
0.08180 32.0 30.0 30.0 30.00 σ =0; δ =0%
0.13121 31.9 29.7 29.2 29.45 σ =0.35; δ =1.19%
0.15602 31.9 28.5 29.0 28.75 σ =0.35; δ =1.22%
0.09767 31.8 29.2 29.7 29.45 σ =0.35; δ =1.20%

Sigma; humic acid sodium salt, Sigma Aldrich; 
sodium cinnamate, Sigma Aldrich; trans-ferulic 
acid, Sigma Aldrich; sodium ferulate, Aber GmbH; 
salts hydroxy-sodium benzoate, sodium vanillate 
and sodium ferulate are obtained by neutraliza-
tion of corresponding acids with sodium hydro
xide (Merck); and tris(hydroxymethyl)-aminome
thane, ACS Merck, buffer substance. 

Experimental. 50/50 w/w mixture of egg whi
te with buffer solution (50 mM tris(hydroxy
methyl)-aminomethane (Trisbuffer), pH = 7.4) is 
prepared. Solution is centrifuged, decanted, then 
diluted with buffer solution (1:2), consecutively. 
The egg white denaturation temperature is mea-
sured by heating the solution from 48 °C; 1% wt 
PNIPAM solution is prepared, on the basis of 
50 mM Trisbuffer. For comparison, the experi-
ment with sodium cinnamate is done at pH 10.1—
11.2 (Fig.1). The transition temperature is mea-
sured by heating PNIPAM solutions from 0 °C. 

Our data for NaSal as additive for PNIPAM 
solution are in good agreement with the data of 
Patel et al. [14]. The experiments are repeated 2— 
3 times, the example of protocol for PNIPAM is 
given in Table 1, for egg white in Table 2. The 
example of consolidated table with mean values 
of the TT of the PNIPAM/water systems with so-
dium ferulate as additive and their standard de-
viations is presented in Table 3. 

Discussion. The majority of substances studied 
(sodium benzoate, sodium cinnamate, sodium fe
rulate, L-sodium glutamate) show the salting-out 

Fig. 2. Influence of the various additives on the TT of the 
PNIPAM/water system (1%), pH = 7.4

Fig. 3. Influence of the various additives on the denatura
tion temperature of the egg white/water system, pH = 7.4
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effect on PNIPAM/water in the order NaBz ~ 
NaCinn < NaGlu ~ NaFer (Fig. 2). For sodium sa
licylate (NaSal) and humic acid sodium salt (Na-
Hum), the salting-in effect has been established. 
For humus salt, this effect is even stronger than 
for sodium salicylate. Although, sodium humate 
possesses a strong dark coloration, it is easy to no
tice the transfer from transparent to turbid solu-
tion (by the Transition Temperature), but its low 
solubility does not allow studying sodium hu
mus more precisely. The concentrations are so clo
se, that in some cases, it is difficult to register the 
Transition Temperature in time for all solutions 
prepared. 

For sodium benzoate, we have observed salting-
out effect. A shift of the electron density in the 
benzene ring because of the presence of the hyd
roxyl group in sodium salicylate molecule provi

des the salting-in effect in the case of sodium sali-
cylate. In the case of hydrogen substitution by 
alkyl radical in the benzene ring, the salting-out 
effect has been reported for sodium cinnamate and 
sodium ferulate.

For all egg white additives (sodium benzoate, 
hydroxy-sodium benzoate, sodium vanillate, D-(–)-
quinic acid, sodium L-glutamate, glycine, L-alani
ne), the salting-in effect has been reported (Fig. 3). 
The maximum salting-in effect has been observed 
for sodium benzoate, quinic acid, and sodium va-
nillate. For such amino acids as sodium L-gluta-
mate and glycine, a very slight effect has been es
tablished. 

From Figs. 4, 5 one can see, that in these two 
systems sodium benzoate and sodium L-glutama
te demonstrate opposite effects: the salting-out 
for PNIPAM and the salting-in for egg white. 

 The results are compared with the ones of bi-
nary mixtures of water/dipropylene glycol propyl 
ether (DPnP). The same salting-out effect has been 
found for many amino acids (Gly, L-Ala, L-Arg, 
L-Pro, L-Cys) and also sodium glutamate as an 
additive for DpnP (dipropylene glycol propyl et
her) [11]. In the case of egg white solutions, the 
salting-in effect has been observed. Also, the sal
ting-out effect has been observed for adenosine 
phosphates (ATP > ADP > AMP) and also for 
amino acids (serine, adenosine, phosphoserine so-
dium salt) as additives in water/DPnP [15]. Ho
wever, the effects of NaGlu on water/DPnP in 
Grundl research [11] are much larger than those 
on water/PNIPAM in our research.
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Fig. 4. Influence of sodium benzoate additive on the TT of 
the PNIPAM/water (1%) and on the denaturation tempera-
ture of egg white/water system, pH = 7.4 

Fig. 5. Influence of sodium L-glutamate additive on the TT 
of the PNIPAM/water (1%) and on the denaturation tem-
perature of egg white/water system, pH = 7.4 
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ЕФЕКТИ ВСОЛЮВАННЯ ТА ВИСОЛЮВАННЯ  
У ВОДНИХ РОЗЧИНАХ ПОЛІ(N-ІЗОПРОПІЛАКРИЛАМІДУ)  
ТА ЯЄЧНОГО БІЛКУ ПІД ВПЛИВОМ ПОЛІФЕНОЛІВ,  
АРОМАТИЧНИХ СПОЛУК ТА АМІНОКИСЛОТ

Вступ. Для трактовки біофізичних явищ, пов’язаних з рядами Гофмейстера або космотропними/хаотропними власти
востями іонів, необхідно мати експериментальні дані щодо іон-специфічних ефектів великих органічних молекул.
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Проблематика. Специфічні іонні ефекти мають істотну важливість для біофізики і медицини. Представляє інте
рес з”ясувати, чи можуть добавки, наприклад, речовин з біологічно доречними аніонами взаємодіяти з протеїнами та 
уникати агрегації. 

Мета. Дослідження ефектів стабілізації/дестабілізації в системах полі(N-ізопропілакриламід) (PNIPAM)/вода, 
яєчний білок/вода під впливом сполук різних класів, що відрізняються гідрофобністю.

Матеріали і методи. Матеріали: солі натрію: саліцилат, ферулат, бензоат, ванілат; натрієва сіль коричної кислоти, 
натрієва сіль гумусової кислоти, гідроксибензоат натрію, гліцин, L-аланін, L-глутамат натрію, D-(—)–хінна кислота, 
PNIPAM, яєчний білок. Методи: вимірювання температури переходу (TT) бінарних сумішей PNIPAM/вода і темпе-
ратури денатурації систем яєчний білок/вода. 

Результати. Іон-специфічні ефекти досліджено з використанням моделей, заснованих на вивченні еволюції тем-
ператури переходу (TT) бінарних сумішей PNIPAM/вода (при нагріванні від 0 до 35 °C) і температури денатурації 
систем яєчний білок/вода (при нагріванні від 48 до 65 °C). Одержано залежності температур від вмісту субстанцій, 
що зустрічаються в живій природі, при pH = 7.4. 

Висновки. Результати демонструють тенденції ефектів солюбілізації добавок на PNIPAM і яєчний білок. Більшість 
досліджених сполук показує ефект висолювання на систему PNIPAM/вода в порядку NaBz ~ NaCinn < L-NaGlu ~ NaFer. 
Для NaSal та NaHum виявлено ефект всолювання. Для яєчного білку всі добавки спричиняють ефект всолювання. У 
системах PNIPAM та яєчного білку NaBz та L-NaGlu показують протилежні ефекти. Результати порівняно з виснов
ками для бінарних сумішей вода/діпропіленгліколя пропіловий ефір (DPnP). 

Ключові  слова : іон-специфічні ефекти, всолювання, висолювання, температура переходу(TT), яєчний білок, і по
лі(N-ізопропілакриламід). 


