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The extent of the Maillard reaction was studied by measuring furosine and color formation in infant
and enteral formula-resembling model systems prepared by mixing calcium caseinate, laboratory-
obtained or commercial whey protein with lactose or dextrinomaltose (ingredients similar to those
used in infant and enteral formula manufacture) and heating the mixture at 100, 120, or 140 °C for
0—30 min. The furosine determination was performed by HPLC and the color determination by
measuring colorimetric parameters L*, a*, and b* in a reflection photometer. The first steps of the
Maillard reaction could be followed by furosine determination when initial ingredients had low thermal
damage. Hence, furosine may be an indicator of low thermal damage in ingredients with <100 mg/
100 g of protein. At the concentrations used in these model systems, similar to those in infant and
enteral formulas, furosine values (indirect measure of lysine losses) were higher in lactose than in
dextrinomaltose systems, in which only glucose, maltose, maltotriose, and maltotetraose among all
of the sugars present showed reactivity with casein. Finally, the advanced steps could be followed
by color determination when the initial ingredients had high thermal damage or the model systems
were heated at high temperature or for a long time. Among the parameters assayed, b* was the
most sensitive.
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INTRODUCTION pounds (fructosyl-lysine, lactulosyl-lysine, and maltulosyl-

Enteral and infant formulas are nutrient solutions administered YSin€) produced by reaction efamino groups of lysine with
into the gastrointestinal tract orally (infant and some enteral qucose,. Iac_tose, and r_nal.tose . L
formulas) or through a tubel). They are usually formulated Furosine is a usgful_lndlcator_of_hea_t damage in milk. It can
using a specific combination of proteins (caseins, whey, and P& used as a criterion to distinguish between ultrahigh-
soy proteins), carbohydrates (mostly dextrinomaltose in enteraltemperature (UHT) milk, pasteurized milk, and in-container-
or lactose in infant formulas), fats, vitamins, and minerals. The Sterilized milk ©). Prolonged heating or inadequate storage
wide range of commercial infant and enteral formulas with increases the furosine level in mill68), infant formulas
varied nutrient components provides all of the nutrients needed (9—13), and enteral formulas (125).
by infants and patients with different diseases. The development of color is an extremely important and

Liquid formula manufacture involves the blending, pasteur- obvious sign of the extent of the advanced Maillard reaction
ization, homogenization, and sterilization of the materials. Heat (16). The colors produced range from pale yellow to very dark
treatment similar to that used in milk sterilization facilitates the brown, depending on the type of food and the extent of the
manufacture of the products, guarantees their safety, andreaction (7). Browning is desirable in some types of food, such
prolongs their storage life. as bakery products, cocoa, and coffee, whereas it is undesirable

One of the most important modifications induced by heating in sterilized milk products and dried milk products (powder milk,
and long storage conditions is the Maillard reaction, which Powder whey). Milk and milk-based systems darken with
involves amino acids and reducing carbohydrates and canheating intensity (temperature and holding time) and storage.
produce a loss in nutritive value (3). The quantitative measurement of the browning rate is used

The early stages of the Maillard reaction can be evaluated as an indicator of heat treatment severit§,(19) and to evaluate
by determination of furosines{N-(furoylmethyl)+-lysine], an ~the efficiency of industrial milk processing@). The browning
amino acid formed during acid hydrolysis of Amadori com- rate can be determined by various methods, including optical

measurements (17) or analytical techniques such as thin-layer

* Author to whom correspondence should be addressed (fax 958243869; Chromatography (21), RP-HPLQ3), and IE-HPLC23). The
telephone 958243867; e-mail ejguerra@ugr.es). measurement of absorbance at 420 nm has been used for optical
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analysis in sugaramino acid model system4, 25). Spec- quantities of furosine standard, within the expected concentration
trophotometric tristimulus color measurements were taken to range, to a previously hydrolyzed raw milk sample. The curve was

assess color changes in model solutions 6§,and milk (27, constructed in units of area against micrograms of added furosine. The
28). equation for the curve wa¥ = 1.111 x 10°’X — 148949.06 (range,

: . : 0.0096—1.150Q¢g), r> = 0.9999.
Because of the complexity of the Maillard reaction, most Furosine was determined following the methods described by

studies in the literature have been cpnflned to model systems.Delgaclo et al. 29). One milliliter of the sample was hydrolyzed
Many of these models cannot be directly applied to Systems \in'7 mL of 9.08 M HCI at 120°C for 23 h in a Pyrex screw-cap
resembling liquid milk, such as enteral and infant formulas, yia| with a PTFE-faced septum. High-purity.Njas was bubbled
because of the different reaction conditioag,(moisture, pH, through the solution for 2 min. The hydrolysate was filtered with a
etc.). The present experiments were designed to use furosinemedium-grade paper filter. A 0.5 mL portion of the filtrate was applied
and color indicators to study the early and advanced stages ofto a Sep-Pak  cartridge (Millipore, Bedford, MA) prewetted with
the Maillard reaction in heated suganilk protein solutions 5 mL of methanol and 10 mL of deionized water and was then eluted
under conditions (concentrations and heat treatments) similarWith 3 mL of 3 M HCI and evaporated under vacuuf).(The dried

to those applied in the manufacture of enteral and infant sample was dissolved in 3 mL of a mixture of water, acetonitrile, and
formic acid (95:5:0.2), and 5@L of the resulting solution was analyzed

formulas. by HPLC. Duplicate analyses of duplicate samples were carried out
(n=4).
MATERIALS AND METHODS Color determination was performed by measuring the colorimetric

Samples The calcium caseinate, commercial whey proteins isolated ParametersL*, a*, and b* using the CIE “C” illuminant, which
(WPI), dextrinomaltose, and lactose were provided by a Spanish dietetic'epresents average daylight minus the ultraviolet component. Before
product company. Whey proteins with minimal heat damage (laboratory the analysis, the reflection photometer was always calibrated with a
whey proteins) were obtained in our laboratory from raw milk. Briefly, \kjllglnl?lt tﬁge{oc?:]'gr%tr']%’;é n:: eTeLr ?UTSS:P]!;V‘@Z 21‘1‘;1;3 %h%mglasgooz
5 L of raw milk was skimmed by centrifugation at 4000 rpm (14§00 : -
for 10 min at 4°C. Casein was then precipitated by acidification to pH averaged the color of three different readings. Three replicate analyses
4.6 with 6 N HCI and centrifugation. The obtained whey was frozen at Were carried out. The yellowing index (Y1) was calculated with the
—80°C and lyophilized. To remove the lactose, the lyophilized whey following formula (27):
was dissolved in 500 mL of deionized water with 2% thymol (Sigma-

Aldrich, Madrid, Spain) as preservative and dialyzed &C4for 10 Yl = 142.86b*/L*

days using a size exclusion membrane of 8000 Da (Sigma-Aldrich).

The water was changed on alternate days. Finally, the delactosed whey  Statistical analysisof data was performed by analysis of variance
was again lyophilized. (Microcal Origin 5.0, Microcal Software, Northampton, MA). Student’s

Model systems were performed by dissolving commercial calcium t test was used to compare means, and the level of significance was
caseinate, commercial whey proteins, or laboratory whey proteins (4% set at 99.9%.
wi/v) with lactose (7% w/v) or dextrinomaltose (12% w/v) in 100 mL
of 0.1 M phosphate buffer, pl_—| 6.5. T_vvo aliquqts of 10 ml__ were then RESULTS AND DISCUSSION
placed in Pyrex screw-cap vials, which were immersed in a glycerol
bath kept at 100, 120, or 14€ from 0 to 30 min. The samples were Furosine Study. Furosine content was assayed in model
then cooled in an ice bath and stored-#80 °C until analysis. The  systems with different protein sources: calcium caseinate,
heating times reported exclude the heating-up period, which was commercial whey proteins donated by a local company, or whey
estimated at 2 min. Other model systems were performed by dissolving proteins obtained in our laboratory. The concentration selected
calagm caseinate (4% w/v) and the sugars InC|qud in commercial (4% wiv) corresponds to the usual proportion of protein in
dextrinomaltose, that is, glucose, maltose, maltotriose, maltotetraose,enu_}ral formulas. Commercial dextrinomaltose (12% wiv) or
and maltopentaose (0.6% wiv), in order to study their formation of lactose (7%) Was. used as carbohydrate source, at concentrations

furosine. L - R
Chemicals. Methanol, acetonitrile, and formic acid (HPLC grade) similar to those used in enteral and liquid infant formulas. The

were obtained from Panreac (Barcelona, Spain). HC, sodium heptane-Protein and carbohydrate contents of these ingredients were
sulfonate, thymol (analytical grade), and glycerol (heavy grade) were previously assayed(). The calcium caseinate was 100% pure
also obtained from Panreac. Furosine was from Neosystem Laboratoriegprotein, whereas the commercial and laboratory whey proteins
(Strast_)ourg, France_). _ had protein contents of 87.8 and 96.1 g/100 g of protein,
Equipment/Materials. Model systems were heated in an Omron respectively. In addition, dextrinomaltose contains 0.5% protein.
ES J glycerol bath (Barcelona, Spain). A Sorvall RC-5B (DuPont Regarding the carbohydrate content, the whey proteins obtained
Instruments, Paris, France) was used for centrifugation and a Flexi- at our laboratory had only 0.25% glucose, whereas the com-
dry uP (FITS .desr:ems’ Manchhester, .U'Kd) zcor goih”'zérg' The (;"?2'50 mercial whey proteins contained 1.5% glucose, 0.25% galactose,
pressure fiquic chromatograpn consisted of a perkin-Efmer mode and 3.5% lactose. Finally, dextrinomaltose contained 4.25%

pump (Norwalk, CT) with a Waters 717 autosampler (Milford, MA) .
and a Perkin-Elmer model 235 diode array detector. Data were collected9/UCOS€, 4.30% maltose, and 4.60% maltotriose, and lactose had

with a 1020 software data system (Perkin-Elmer). Furosine was 0.63% glucose and 0.14% galactose.
separated using a Spherisorb ODS2r8 (250 mmx 4.6 mm i.d. Table 1 shows the results obtained for the model systems

Phenomenex, Torrance, CA) column. Color determination was per- with calcium caseinate and dextrinomaltose or lactose. Heating

formed by using a reflection photometer CM-2002 (Minolta Canada at 100 °C produced a statistically significant increase ¢

Inc., Mississauga, ON) with an illumination area®@fl1 mm and d/8  0.001) in model systems with lactose at all of the times assayed

geometry in standard ISO 7724/1. N _ except in the model system with dextrinomaltose, in which the
Liquid Chromatograph Operating Conditions. The mobile phase jncrease was not significant between 5 and 10 min, between 15

consisted of a solution of 5 mM sodium heptanesulfonate with 20% and 20 min, and between 25 and 30 min. At P20 there was

acetonitrile and 0.2% formic acid. The elution was isocratic, and the ter f ti f f . hich stabilized after 25 mi
flow rate was 1.2 mL/min. The U¥vis detector was set at 280 nm, & greateriormation ot furosine, which stabilized after min,

Calibration of the chromatographic system for furosine determination Probably because the rate constant of Amadori compounds
was by the external standard method. A standard stock solution formed after the initial stage of the Maillard reaction is similar

containing 1.2 mg/mL of furosine was used to prepare the working t0 the degradation rate of advanced Maillard products. At this
standard solution. The calibration was performed by adding increasing temperature, the changes between different times were signifi-
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Table 1. Furosine Content (Milligrams per 100 g of Protein) in Casein —+— Glucose
Model Systems =~ Maltose
800 7 —+— Maltotri
lactose dextrinomaltose * altotriose
) ) . . " - . " 700 - / --»-- Maltotetraose
time (mln) 100 °C 120 °C 140 °C 100 °C 120 °C 140 °C rd — Ma]topentaose
0 60.3 60.3 60.3 60.9 60.9 60.9 . 200 -
5 925 199 275 927 147 215 = g0
10 114 254 358 105 192 257 o 2 1601
15 150 289 369 130 259 251 = E.
20 174 341 363 141 308 235 2 o 1407
25 188 371 340 172 324 201 5 2 120
30 198 364 316 175 297 194 == 100 - o
£ 801 .
) . - 60 AT T
Table 2. Furosine Content (Milligrams per 100 g of Protein) in
Laboratory Whey Protein Model Systems 40 1
20 A
lactose dextrinomaltose 0 : . !
ime (min) ~ 100°C  120°C  140°C  100°C  120°C  140°C 0 15 30
0 49.9 49.9 49.9 49.6 49.6 49.6 Time
5 586 274 547 596 145 256 (minutes)
10 833 410 590 76.0 214 269 ) ) o )
15 98.2 474 537 88.8 281 237 Figure 1. Furosine content (mg/100 g of protein) in casein model systems
20 128 550 515 91.3 304 212 with different dextrinomaltose components heated at 120 °C.
25 141 604 454 99.7 296 200
30 164 579 435 113 213 182 (P < 0.001) at 15 and 30 min of heating in all of the systems

assayed except for the system with maltopentabggife 1).

As expected, the system with the lowest molecular weight of
carbohydrate had the highest furosine content. The slope values
ranged between 0.73 and 23.14 for maltotetraose and glucose,

Table 3. Furosine Content (Milligrams per 100 g of Protein) in
Commercial Whey Protein Model Systems

lactose dextrinomaltose respectively. According to the label information, commercial
i 0 :
fme(min)  100°C  120°C  140°C  100°C_ 120°C _ 140°C dextrinomaltose has-20% .(W/W) of reactive carbohydrates

0 54 o4 o4 e e o (glucose, maltose, maltotriose, and maltotetraose), and com-
5 1661 918 748 1688 947 659 mercial enteral formulas have a carbohydrate contentldi%
10 1520 755 621 1554 683 462 (w/v); this means that enteral formulas have at least 2% (w/v)
15 1318 646 558 1418 508 346 reactive carbohydrates.
20 1151 621 506 1359 458 305 Liquid infant and enteral formulas are prepared with casein,
25 1026 574 471 1209 429 282

whey proteins, and lactose and/or dextrinomaltose. Both foods
include a sterilization step during their manufacture, usually at
120 °C for not longer than 10 min. In similar treatment
cant (P < 0.001) in both model systems. At 14T, this conditions (120°C/10 min), more furosine was generated than
indicator was useful up to only 10 min of heat treatment because destroyed only in the model systems with a low initial furosine
of the stabilization of furosine levels at longer heating times. content, whether prepared with lactose or dextrinomaltose.
The furosine content of the model systems with lactose was Therefore, furosine is useful as a heat damage indicator only in
higher than that in model systems with dextrinomaltose. formulas with casein and/or whey proteins with low heat
Table 2 shows the furosine content of model systems with damage.
whey proteins obtained in our laboratory and dextrinomaltose  Enteral formulas that contained ingredients with high furosine
or lactose. The behavior of these model systems was similar tocontent showed a decrease in furosine content during manu-
that observed in the model systems with caseinate. facture (15). However, furosine was generated during storage
Commercial whey protein model systems produced furosine, (14).
but the amounts of detected furosine increased only up to 5 Color Study. Color was measured by reflectance, and its
min of heating at 100C (Table 3). The subsequent decrease precision was established in model systems with dextrinomal-
was greater when the time and temperature of heating increasedtose. The standard deviations fot, a*, andb* parameters are
At 120 and 140C, the Amadori compounds were degraded or shown inTable 4. The low deviation found indicated that these
participated in the advanced stages of the Maillard reaction, soparameters could be used to study color changes during the heat
that the furosine levels decreased. This decrease was lower irtreatment of model systems.
model systems with dextrinomaltose than in those with lactose  Color determination was carried out in the same model
due to the lower degradation rate of Amadori compounds in systems that were assayed for furosine cont€ables 5—7).
the dextrinomaltose system that has lower reducing power. In generalL* changes showed no correlation with the visually
Commercial dextrinomaltose contains amounts of mono-, di-, observed browning. Even at 14C, thelL* value indicated a
and oligosaccharides that contribute to the reactivity of these white color, whereas browning of the model system could be
ingredients. To determine the reactivity of these carbohydrates,observed. Parameteas, b*, and Y| changed according to the
model systems prepared with calcium caseinate (4% w/v) andvisually observed color with longer time and higher temperature
glucose, maltose, maltotriose, maltotetraose, or maltopentaoseof heating. Parametets® and Y| were the most sensitive and
(0.6% w/v) were heated at 12C for 30 min. This temperature  showed statistically significant chang@s<€ 0.001) in the model
was selected as the usual sterilization temperature of enteralsystems at temperatures120°C for all of the times assayed.
formulas. The results show a statistically significant increase The YI parameter even revealed color changes in model systems

30 900 554 451 1034 370 251
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Table 4. Color Parameter Repeatability?

model system parameter mean SD CV (%)
casein—dextrinomaltose L* 23.11 0.180 0.78
(120 °C/30 min) a* -0.35 0.028 4.20
b* 2.71 0.069 2.55
lahoratory whey proteins— L* 4453 0.119 0.27
dextrinomaltose ax 5.47 0.169 3.08
(140 °C/30 min) b* 20.75 0.166 0.80
commercial whey proteins— L* 41.45 0.185 0.44
dextrinomaltose a* 2.54 0.056 2.22
(100 °C/5 min) b* 0.55 0.091 1.63
an =8
Table 5. Color Parameters in Casein Model Systems
temp lactose dextrinomaltose
(°C) min  L* ax b* M L* ax b* Yl
room 19.17 -0.49 -5.04 -3756 2112 -0.38 -4.87 -32.94
100 5 2033 -073 -509 -3577 2352 -046 -531 -32.25
10 2093 -0.78 -5.08 -34.67 22.80 -051 -4.60 -28.82
15 20.83 -0.80 -5.07 -34.77 22.68 -049 -441 -27.78
20 2390 -1.08 -518 -30.96 22.01 -0.50 -4.23 -27.46
25 2220 095 -5.05 -3250 2091 -048 -415 -28.35
30 2385 -097 -430 -2576 21.00 -052 -4.00 -27.21
120 5 2467 -1.09 -3.08 -17.84 2258 -048 -4.05 -25.62
10 2440 -134 -218 -12.76 2207 -061 -3.14 -20.33
15 2449 -130 -103 -6.01 2137 -0.70 -1.85 -12.37
20 2459 -123 052 302 2599 -080 -0.10 -0.55
25 2374 -103 175 1053 2501 -059 183 1045
30 2295 -075 288 1793 2366 -031 265 16.00
140 5 1872 -082 205 1564 2004 -062 -3.08 -21.96
10 1723 -0.65 265 2197 1810 -0.64 0.01 0.08
15 1442 134 616 6103 1600 112 626 55.89
20 1490 150 603 5782 17.60 149 645 5235
25 2673 139 835 4463 2829 167 9.67 4883
30 3145 333 1312 5960 3206 357 1422 6336

Table 6. Color Parameters in Laboratory Whey Protein Model Systems

temp lactose dextrinomaltose

(°C) min L* a* b* Yl L* a* b* Yl

room 2437 -139 -455 -26.67 2431 -104 -6.46 -37.96

100 5 5670 -243 -287 -7.23 6017 -201 -270 641
10 5837 -244 -261 -6.39 6073 -201 -285 —6.70
15 5886 -253 -258 -6.26 6112 -200 -2.63 —6.15
20 5884 -245 -246 597 6133 -203 -258 -6.01
25 5927 -257 -242 -583 61.06 -203 -275 -6.43
30 59.34 -257 -232 -559 6116 -205 -261 -6.10

120 5 56.73 -227 -105 -264 6268 -172 -142 -3.24
10 60.06 -240 -035 -0.83 61.95 -1.87 -0.82 -189
15 5945 -246 071 171 6202 -1.85 0.55 1.27
20 5794 -233 237 5.84 6069 -1.75 240 5.65
25 5636 -196 476 1207 5957 -138 466 1118
30 5536 -152 576 1486 57.87 -089 631 15.58

140 5 5596 -235 179 457 5811 -176 169 4.15
10 4792 -050 1007 3002 5233 -043 822 2244
15 4430 285 1588 5121 49.68 182 1424 40.95
20 4262 438 1819 6097 4594 302 1577 49.04
25 4259 556 2009 6739 4525 438 1889  59.64
30 4262 583 20.60 69.08 4435 560 2092 67.39

with lactose at 100C. Thea* parameter showed statistically
significant changes (& 0.001) only at 14CC.

Model systems with caseinate and our laboratory whey
proteins (with low thermal damage) showed simitérincre-
ments at sterilization temperatures (120), whereas com-
mercial whey proteins (damaged proteins) showed higher
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Table 7. Color Parameters in Commercial Whey Protein Model
Systems
temp lactose dextrinomaltose
°C) min L a* b* YI L* a* b YI
room 2434 -139 -144 -845 2331 -115 -0.89 -545
100 5 3970 -242 -192 -691 4348 -221 -097 -3.19
10 4170 -253 -054 -1.86 4411 -216 060 194
15 4154 -230 125 430 4416 -186 244 7.89
20 4116 -198 325 1128 4362 -148 422 1382
25 4055 -153 490 1726 4326 -101 6.15 2031
30 3999 -115 648 2315 4279 -0.63 767 2561
120 5 3943 -182 321 1163 4449 -138 497 1596
10 3753 -052 894 34.03 4257 0.07 1034 3470
15 3619 024 1149 4536 4155 094 1313 4514
20 3561 077 1297 52.03 40.74 145 1454 50.99
25 3539 109 1414 57.08 4043 187 16.00 56.54
30 3543 129 1461 5891 4018 221 1696 60.30
140 5 36.68 -0.68 7.19 2800 4440 -0.34 910 29.28
10 3510 0.67 1245 50.67 4236 132 1440 4856
15 3560 253 16.73 67.14 40.00 344 1837 65.61
20 3768 355 1850 70.14 39.63 419 2030 73.18
25 3911 454 2024 7393 39.23 483 2120 77.20
30 3809 538 2166 8124 3810 526 2143 80.35

increases at 12€C only in the first 15 min. At 140C, theb*
increase for commercial whey proteins was lower than that
obtained in caseinate and laboratory whey proteins, although
the final values were very similar. The systems with commercial
whey proteins also showdxt changes at 100C. In these types

of model systems with thermally damaged ingredients, the
Maillard reaction is advanced prior to the ingredient mixing
step.

Theb* and YI parameters may be useful to monitor the heat
treatment of formulas prepared with damaged ingredients and
dextrinomaltose, even at low temperatures (30) Sterilization
temperatures and times (120 for 10 min) are required before
significant changes are observed in either parameter for
ingredients with low thermal damage.

The reflectance of model systems with caseinate and lactose,
at lower concentrations than used in the present experiments
but with a similar heat treatmentl]), showed a different
behavior forE [E*= (L*2 + a*2 + b*2)Y and chroma C* =
(a*2+ b*?)Y, This could be due to the different concentrations
used and the different origin of the ingredients.
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