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Summary: In this work, the use of a temperature-sensitive polymer gel, poly(N-

isopropylacrylamide), for the concentration of whey proteins was studied. The

studied variables were: gel mass/solution volume ratio and concentration tempera-

ture. The concentration percentage and the selectivity were determined. The gel

20� 5 (20% w/w total monomer/solution and 5% w/w crosslinking agent/total

monomer), contacted with whey proteins solutions, at 5 8C and at 20 8C, was capable

of concentrating the solution, in protein, from 10 to 33%, depending on the gel

mass/solution volume ratio. The separation efficiencies, for the different studied

systems, varied from around 40 to 80%. The results were discussed in the context of

gels thermodynamics and through correlations between synthesis parameters and

structure of the obtained gels. The obtained results for the concentration of whey

proteins solutions, by using temperature-sensitive polymer gel, poly(N-isopropyl-

acrylamide), showed that the Gel Process can indeed be used as an advantageous

alternative for such separation, either from an economic or from an environmental

view point.
Keywords: concentration process; milk serum; Poly(N-isopropylacrylamide); temperature-

sensitive gels; whey proteins
Introduction

Milk serum is an important byproduct of

the dairy industry, considering the pro-

duced volume and its nutritional composi-

tion. However, around half of the produced

whey is eliminated as an effluent or is used

as soil fertilizer, resulting in alimentary

energy loss as well as economic loss. When

disposed in the environment, without any

treatment, the serum constitutes the prin-

cipal pollutant source of the environment

generated by the dairy industry, consider-

ing that its pollutant power is about ten
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times the domestic sewage one. The other

half of the serum produced in the world

is processed into several food and pharma-

ceutical products. Usually, 10 L of milk

produces 1 kg of cheese and 9 L of milk

serum.[1,2]

Some of the most valuable components

of milk serum are the proteins, also known

as ‘‘whey proteins’’, for their excellent

nutritional, technological and functional

properties. About 96% of milk proteins

remain in the milk serum. Nevertheless,

their concentration in this liquid is low,

ranging from 0.7 to 1.2%, being necessary

the use of separation operations for con-

centrating them.[3]

The main globule proteins present in

the milk serum are b-lactoglobulin (b-Lg),

a-lactoalbumin (a-La), bovine serum albu-

min (BSA), immunoglobulins (Ig), lacto-

ferrin, lactoperoxidase, glicomacropeptides
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and proteosis-peptones. The molecular

mass of these proteins range from 4.1

to160.0 kDa.[4,5]

The processes, usually used for concen-

trating milk serum proteins, like ultrafiltra-

tion, chromatography, crystallization and

thermal denaturation are expensive, time-

consuming and limited to small scale use.

So, the development of a methodology for

using a concentration process that is fast,

economic and that can be used on large

scale operation is extremely important.[2]

The concentration process, used in the

present work, was developed by Freitas and

Cussler.[6,7] This process involves the use of

crosslinked polymer gels, whose swelling is

a dramatic function of temperature, as

extraction solvents. The gels can be used to

concentrate dilute solutions of macromo-

lecules because they absorb water and

other low molecular weight species, but

do not absorb high molecular weight

solutes; and they can be easily regenerated

because their volume is a strong function of

temperature: a slight increase in tempera-

ture collapse the gel, releasing the absorbed

species.

Polymer gels have been widely used

in many different applications, including

concentration of macromolecular solu-

tions, column packing materials for

chromatography, drug delivery systems

and cell culture substrata.[6–16] One of

these gels, poly(N-isopropylacrylamide)

(PNIPAAm), swells to a large extent in

water, at a low temperature, and shrinks

as the temperature is increased, showing

a first-order phase transition around

34 8C, behaving as a polymer solution

with a lower critical solution temperature

(LCST).[6–8,17–21]

In this paper, we report the use of a

temperature-sensitive polymer gel, poly(N-

isopropylacrylamide), for the concentration

of whey proteins. A gel with an specific

monomer/crosslinking agent ratio was

used for such concentration. Different gel

mass/solution volume ratios and different

concentration temperatures were used.

The concentration percentage and the

selectivity were determined.
Copyright � 2012 WILEY-VCH Verlag GmbH & Co. KGaA
Experimental Part

The sweet skim powdered milk serum, from

cheese fabrication, used in this work, was

gently supplied by Sooro (PR-Brazil).

The milk serum solution was prepared by

dissolving 0.5 g of powdered milk serum in

50 mL of milli-Q water.

Poly(N-isopropylacrylamide) gel was

synthesized by free-radical solution copo-

lymerization. The monomer N-isopropyl-

acrylamide (Sigma-Aldrich) was purified

and recrystalized to yield 100% NIPAAm,

as determined by HPLC. The crosslinker,

N,N’-methylenebisacrylamide (Sigma-Aldrich)

was electrophoresis grade and the initia-

tors, ammonium persulphate (Vetec) and

sodium metabisulphite (Sigma-Aldrich)

were reagent grade; they were all used as

received. The polymerization was carried

out under a nitrogen atmosphere, at

10 8C for 24 h, in cylindrical glass tubes.

The gel composition used in this study

(20� 5 gel) was 20 g of total monomers (N-

isopropylacrylamide plus N,N’-methylene-

bisacrylamide) per 100 g of milli-Q water,

with 5 g of crosslinker (N,N’-methylenebi-

sacrylamide) per 100 g of NIPAAm plus

crosslinker. That is, 20% w/w total mono-

mer/solution and 5% w/w crosslinking

agent/total monomer. Details of the mono-

mer purification and gel synthesis are

reported elsewhere.[22]

After polymerization, the gel was

thoroughly washed with milli-Q water to

remove any residue of unreacted mono-

mer(s) and then cut into small pieces with

a size ranging from 48 to 74 mesh. The

particles were dried at 60 8C for 24 h.

For the gel mass/milk serum solution

ratio study, a mass of 0.5 g of the 20� 5 gel

was added to 50 mL of milk serum solution

(feed), whose concentration in total protein

was determined, in triplicate, by a modified

Lowry’s method (Lowry-BCA). This sys-

tem was kept at 5 8C for 24 h. The swollen

gel was, then, separated from the solution.

This concentrated solution (raffinate)

was submitted to protein determination, in

triplicate, by using the same method (Lowry-

BCA). This procedure was repeated by using
, Weinheim www.ms-journal.de
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different gel masses (1.0; 1.5 and 2.0 g) for

50 mL of milk serum solution. The swollen

gel, containing water and some other low

molecular weight species, was collapsed at

60 8C, separated from the desorbed solution

(water plus some low molecular weight

species), thoroughly washed with milli-Q

water and dried at 60 8C for 24 h. This

dried gel was ready to be used in another

concentration cycle, if desired.

For the temperature effect study, the

above procedure was repeated, the system

(dry gel and milk serum solution) being

kept at 20 8C for 24 h.
Results and Discussion

The average total protein concentration,

obtained through modified Lowry’s method

determination, for the feed solution (0.5 g

of powdered milk serum in 50 mL of milli-Q

water), was 1.7122 g/L, with a standard

deviation of 0.0948. This average value of

concentration was used in all experiments

in order to compare with the concentration

of the raffinate. The results for different gel

masses and different temperatures are

shown in Figure 1.

The obtained results demonstrate that

the 20� 5 gel is selective towards the

proteins, considering that there is an

increase in protein concentration at both

temperatures and for all gel mass/solution

volume ratios. For both temperatures

(5 and 20 8C), the higher the gel mass,
Figure 1.

Influence of gel mass and concentration temperature o
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the higher the % concentration increase.

Considering, therefore, that the gel is

selective towards the proteins, the higher

concentration obtained for higher gel mass/

solution volume ratios is justified as for a

certain mass degree of swelling, a higher gel

mass absorbs a higher solution quantity.

As there is a partition, i.e., the gel is

selective, it means that a higher quantity of

solution absorbed, composed mainly by

low molecular weight species, implies in a

higher concentration increase, in proteins,

in the non-absorbed solution.

For determining the selectivity of the

process concentration for each system via

temperature-sensitive gel, that is, for mea-

suring the degree of exclusion of proteins

at different conditions, the separation

efficiencies were calculated. The separation

efficiency, h, is defined as the actual

concentration difference, DC, between the

initial solution (feed) and the final solution

(raffinate) divided by the maximum con-

centration difference, DCmax, which would

be attained if all the solute (proteins, in

this case) of the initial solution were

recovered in the raffinate. Physically, it

can be understood as a measure of the

degree to which a solute is excluded from

the gel as water or solvent is absorbed.

Thus, an efficiency of 100% means that

the gel absorbs no solute, i.e., the solute

is completely excluded from the gel.

However, if the solute is absorbed by the

gel, along with the solvent, such that the

raffinate concentration is equal to the feed
n the protein concentration.
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concentration, the separation efficiency is

0%. This quantity is given by Equation 1:

h ¼ ðDC=DCmaxÞ x 100

¼ ½ðCf=CiÞ � 1�=½ðVi=VfÞ � 1�
(1)

where Ci and Cf are the concentrations

and Vi and Vf are the volumes of the feed

and the raffinate, respectively.

The obtained separation efficiencies

varied between 39.73%, for the system

2.0 g of gel, at 5 8C, and 81.75%, for the

system 0.5 g of gel, at 20 8C, with an average

equals to 59.42%, as shown in Figure 2.

Higher values of separation efficiencies,

76.22% at 5 8C and 81.75% at 20 8C, were

found for the systems with a lower gel mass,

0.5 g.

The obtained results concerning the

selectivity, demonstrates that the 20� 5

PNIPAAm gel excludes, selectively high

molecular weight species, whey proteins in

this case, absorbing preferentially the low

molecular weight species. As this process

can be conducted at low temperatures,

below the gel transition temperature

(�34 8C), in the present study at 5 8C and

at 20 8C, and this exclusion concentrates

the solution gently, there will be no loss

of protein activity, a fundamental aspect

concerning any separation process applied

to the biological area.

Entrainment of small amounts of raffi-

nate between the gel particles can

compromise the separation efficiencies.

The observed significant variation of

the obtained separation efficiencies, for the

studied systems, is probably due to the
Figure 2.

Influence of gel mass and concentration temperature o
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entrainment of proteins on the surface of

the gel particles. That is, proteins which are

effectively excluded by the gel, but are not

determined in the concentrated solution

because, despite of not being absorbed by

the gel, were adhered to its surface. The fact

that the higher separation efficiencies were

found when the lower masses of gel (0.5 g)

were used corroborates this observation.

Lower masses means less gel particles,

therefore, lower superficial area for

entrainment. Nevertheless, there is no

linear relationship between entrainment

effect and gel masses, as seen from the

results for other gel masses used (1.0 g; 1.5 g

and 2.0 g). They suggest the need for further

investigation of this entrainment effect.

The obtained results for the different

studied temperatures allow one to register

that there was no significant change on the

average separation efficiency as a function

of temperature. This result can be

explained by the fact that temperature

influences, basically, the phase behavior of

the gel, that is, the higher the temperature,

the lower the degree of swelling.[6,7]

Considering the use of this process in

large scale, the fact that selectivity is not a

strong function of temperature besides the

strong dependence of the degree of swelling

on temperature, as reported elsewhere,[6,7]

points out for the conduction of the

concentration step at lower temperatures,

usually more adequate to biological sys-

tems. At such temperatures, as there is a

larger gel expansion with no significant

change on the selectivity, it’s possible to
n separation efficiencies.
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achieve a higher concentration of the feed

solution.
Conclusion

The 20� 5 poly(N-isopropylacrylamide)

gel, when contacted with milk serum

solution, at low temperatures, below its

phase transition, swells excluding the whey

proteins. So, this gel is selective to milk

serum proteins and can be used as an

extraction solvent for the concentration of

such system. Due to its thermodynamic

behavior, this gel, after being separated

from the concentrated milk serum solution,

can be regenerated with an increase in

temperature. In the present work, the gel

was collapsed at 60 8C, releasing the

absorbed low molecular weight species,

and could be used again in another

concentration cycle.
[1] L. Serpa, Dissertação de Mestrado, Universidade

Regional Integrada do Alto Uruguai e das Missões,

2005.

[2] C. Baldasso, Dissertação de Mestrado, Universidade

Federal do Rio Grande do Sul, 2008.

[3] V. C. Sgarbieri, Braz. J. Food Technol. 2005, 8, 43.
Copyright � 2012 WILEY-VCH Verlag GmbH & Co. KGaA
[4] G. D. Miller, J. K. Jarvis, L. D. McBean, ‘‘Handbook of

Dairy Products and Nutrition’’, 2nd ed., CRC Press, LCC,

Illinois 2000.

[5] A. L. Zidney, Int. Dairy J. 1998, 8, 243.

[6] R. F. S. Freitas, E. L. Cussler, Chem. Eng. Sci. 1987,

42, 97.

[7] R. F. S. Freitas, E. L. Cussler, Sep. Sci. Tech. 1987,

22, 911.

[8] A. S. Hoffman, J. Controlled Release 1987, 6, 297.

[9] R. Langer, Science 2001, 293, 5.

[10] N. A. Peppas, J. Z. Hilt, A. Khademhosseini, R. Langer,

Adv. Mater. 2006, 18, 1345.

[11] F. Grandl, F. Sommer, A. Goepferich, Biomaterials

2006, 28, 134.

[12] A. Silberberg, ‘‘Hydrogels for Medical and Related

Applications’’ (Ed., J. D. Andrade, ACS, Symposium

Series, 31, Washington 1976.

[13] B. D. Ratner, A. S. Hoffman, ‘‘Hydrogels for

Medical and Related Applications’’ (Ed., J. D. Andrade,

ACS Symposium Series, 31, Washington 1976.

[14] M. R. Jin, Y. X. Wang, X. Zhong, S. C. Wang, Polymer

1995, 36, 221.

[15] S. A. Robb, B. H. Lee, R. McLemore, B. l. Vernon,

Biomacromolecules 2007, 8, 2294.

[16] G. Fundueanu, M. Constantin, P. Ascenzi, Int. J.

Pharm. 2009, 379, 9.

[17] S. Chaterji, Ik. Kwon, K. Park, Prog. Polym. Sci.

2007, 32, 1083.

[18] I. Dimitrov, B. Trzebicka, A. H. E. Mueller, A. Dworak,

C. B. Tsvetanov, Prog. Polym. Sci. 2007, 32, 1275.

[19] A. Pelath, A. Bharde, T. M. Jovin, Soft Mater. 2009,

5, 1006.

[20] M. W. Urban, Prog. Polym. Sci. 2009, 34, 679.

[21] A. Khan, J. Colloid Interface Sci. 2007, 313, 697.

[22] S. H. Gehrke, M. Palasis, M. H. Akhtar, Polym. Int.

1992, 29.
, Weinheim www.ms-journal.de


