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Nondestructive Quantification of Organic Compounds in Whole
Milk without Pretreatment by Two-Dimensional NMR
Spectroscopy
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University of Tokyo, 1-1-1 Yayoi, Bunkyo-ku, Tokyo 113-8657, Japan

In this study, various organic compounds in commercial whole milk were quantified simultaneously
by H 1D and *H—13C HSQC 2D NMR spectra without any pretreatment. 2D NMR spectroscopy was
applied to quantification of milk compounds for the first time. Milk fat content was easily determined
to be 3.6 + 0.1%, and the lactose content was 47.8 &+ 1.0 mg/mL by *H NMR spectra. From 1H—13C
HSQC spectra, the concentrations of citrate, N-acetylcarbohydrates, and trimethylamine were
determined to be 3.2 + 0.2, 2.9 + 0.1, and 4.0 £+ 0.6 mM, respectively. The latter two compounds
were quantified in milk for the first time. Butyric acid, total monounsaturated fatty acids, and total
polyunsaturated fatty acids of triacylglycerols were 6.2 + 0.5, 9.1 + 0.9, and 2.9 £+ 0.3 mM,
respectively. The fatty acid compositions (mol %) of triacylglycerols were then calculated and were
observed to be in good agreement with reference values. The results indicated that 'H 1D and *H—
13C HSQC 2D NMR spectroscopy is useful for the rapid and nondestructive determination of various
compounds in milk.
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INTRODUCTION molecule, the use of NMR has attracted much attention with
regard to quantifying constituents in mixtures in the past decade
(11-14). As for the quantification of milk compounds by NMR,
some research usingC 1D NMR has already been reported
(15, 16).

In a previous study, we successfully observed and assigned
the 2D NMR signals of the respective compounds in milk in a
nondestructive and simultaneous way)( In the present study,
we applied the assignment results to measure the absolute
concentrations of various milk compounds by using 1D and 2D

MR spectra without any pretreatment. The concentrations of
at and lactose in commercial milk have been easily determined
by the IlH NMR spectra of milk. For the compounds with
overlapping or weak signals in tHel NMR spectra, we have
successfully appliedH—2C HSQC to quantify milk com-
pounds. This is the first report of using 2D NMR for the
guantification of food constituents.

Quality control of milk is an important issue for the dairy
industry because milk contents fluctuate easily because of
various factors such as season, breed, nutrition, or milking habits
(). Furthermore, milk is a kind of complex biological fluid
with several constituents (triacylglycerols, phospholipids, lac-
tose, proteins, and so on) with different characteristics. For this
reason, it is extremely difficult to simultaneously quantify
various milk compounds. In conventional quantification meth-
ods, triacylglycerols, phospholipids, and the other respective
compounds in milk are extracted and separated and then ar
quantified by gas chromatography (GC), high-performance
liquid chromatography (HPLC), or thin layer chromatography
(TLC) (2-5). Infrared (IR) spectroscopy is also applied for milk
quality control as a nondestructive method. However, only the
contents of macronutrients such as lactose, total fats, and total
proteins can be roughly determined by the IR meth®dq).

A detailed and widely applicable method has not yet been \,ATERIALS AND METHODS
established for the simultaneous and nondestructive quantifica-

tion of the compounds in milk.
NMR spectropscopy is a powerful tool for the simultaneous from Isotec Inc. (Tokyo, Japan); 1,1,2,2- tetrachloroethane (GHCI
: . R ; CHCI,) was from Wako Pure Chemical Co. Ltd (Osaka Tokyo, Japan),
and nondeStrUCt'Ve 'dent'f'cat'on Of_ each compound in a and chromium(lll) acetylacetonate (Cr(AcAr)was from Kanto
complex mixture (10). Since the amplitude or area of the NMR  chemical Co. Ltd (Tokyo, Japan). Sodium citrate, acetylglucosamine,
signal is proportional to the concentration of the corresponding tributyrin, triolein, trilinolein, and lecithin were purchased from Wako
Pure Chemical Co. Ltd. Commercial whole milk, nonfat milk, and high-

* To whom correspondence should be addressed. Phed:3-5841- fat milk were purchased at a local supermarket. Every sample of milk
5165. Fax: +81-3-5841-8023. E-mail: amtanok@mail.ecc.u-tokyo.ac.jp. had been homogenized and treated at an ultrahigh temperature.

Materials and Sample Preparation.CDCl; (99%) was purchased
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Figure 1. NMR pulse sequence of the partial relaxation FT method. d1,
d2, p1, p2, and aq indicate the delay time, pulse interval time, duration
of 180° pulse, duration of 90° pulse, and acquisition time, respectively.
The horizontal axis is not indicated in a linear scale.
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Figure 2. Quantitative 'H NMR spectrum of commercial whole milk.
Signals from 0.78 to 2.12 ppm are due to acyl chains of triacylglycerols.
Signals from 3.4 to 3.9 ppm are due to lactose. The assignments of signals
are reported (17).

IH NMR Measurements for Quantification of Lactose and Fat

in Milk. Milk was introduced inb a 5 mmtube with a capillary tube

for a concentration standard. THé NMR experiments were performed
on a JEOL JNMet 500 NMR spectrometer at 20C. The signal of
H,O was suppressed by the presaturation methe@. s used as an
internal reference of chemical shid) the value of which was 4.65
ppm. The number of data points was 16k, the acquisition time was
3.28 s, and the number of scans was 1®)( To quantify the

constituents of milk and lactose solution, the delay time was determined

by the partial relaxation Fourier transform (FT) method.
Determination of Delay Time by the Partial Relaxation FT
Method. Delay time (d1) greatly affects the total NMR measuring time

as well as the accuracy of quantification. For quantitative measurements
d1 is generally evaluated according to eqs 1 and 2, where T1 is the

longitudinal relaxation time, aq is the acquisition time, dngl is the
pulse interval time (d2) when the observed NMR signals are null with
the pulse sequence shownkigure 1 (18).

@)
)

dlz5xT1l-aq
T1=144xT,

null

The Standard Used in Quantitative NMR Experiments. When
measuring the NMR spectra of milk, the capillary containing CHCI
CHCI, was inserted into NMR sample tubes as the concentration
standard. The signal area of CHCHCl, was measured and compared
with those of the compounds in milk to determine the absolute
concentrations of those compounds. The area of the @HHITL, signal
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Figure 3. The working curves of (A) lactose, (B) milk fat, and (C) GI-1,
3.

So it could be used as a concentration standard, the null signal
interval time (Tui) of CHCLCHCI, in CDCl; was measured using the
partial relaxation FT methodr{gure 1). Tpu of CHCLCHCL in CDClg
was 1.4 s. When an NMR relaxation reagent Cr(AcAgas added to
a concentration of 1 mg/mlT,, of CHCLCHCI, was reduced to 0.28

's. Therefore, a chloroform-(CDCl;) solution of 20% (v/v) CHGH

CHCI; containing 1 mg/mL Cr(AcAcg)placed in a capillary tube was
used as a concentration standard.

1H—13C HSQC NMR Measurements for Quantification of Milk
Components Other than Lactose and FatThe quantitativeéH—13C
HSQC experiments were carried out in the phase-sensitive mode on a
Varian Unity INOVA 500 NMR spectrometer equipped with a Narolac
z-axis gradient probe at 2@. The 2D NMR signals measured were
processed using NMRPipe (19), and integral volumes were calculated
using Sparky (20) by Lorentzian fit. The acquisition parameters were
as follows: number of data points, 1024 et and 256 for'3C; spectral
width, 8000 Hz {H) and 20169 Hz*¢C); digital resolution, 7.81 Hz
in F2 (*H) and 78.79 Hz in F1fC); and an acquisition time of 0.128
s. For quantification, the delay time (d1) was determined by the partial
relaxation FT method, and CH@HCL, in a capillary was used as an
external concentration standard.

was standardized to represent the area of the signals from the milk  Statistics. All measurements were performed in triplicate=t 3),

compounds.

and data were reported as mearSD.
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Figure 4. Quantitative 'H-13C HSQC spectrum of commercial milk. The assignments of signals are reported (17).

RESULTS AND DISCUSSION

Quantitative Determination of Lactose and Fat in Milk
by H NMR Spectroscopy.We measuredH NMR spectra of
milk to determine the quantity of lactose, triacylglycerols, and
fat without any additive to conveniently calculate the concentra-
tion. The'H signals selected for this study were in the ranges
of 6 = 0.78—2.12 ppm and = 3.40—3.90 ppm, which were
due to acyl chains of triacylglycerols and lactose, respectively
(Figure 2).

To determine the quantity of lactose, we first measuted
NMR of lactose dissolved in D at concentrations of 15, 30,
45, and 60 mg/mL for creating the working curve of lactose.
Tnun Of lactose in RO was determined as 1.5 s by using the
partial relaxation method, and the delay time of the lactoge D
solutions was set to be 5.0 s. By normalizing the integral of the
1H signal due to CHGICHCI; (defined as 1.00), the integrals
of theH NMR signals due to lactose were calculated to create
the working curve of lactose (Figure 3A). The commercial
whole milk was then measured withl NMR, which gave the
lactose content in commercial whole milk by comparison of
their integrals with the working curve. Thus, lactose content
was determined to be 478 1.0 mg/mL. This value agrees
well with literature values (1).

In the case of fat, we prepared milk samples containing
various fat concentrations from 0.96 to 4.4% by mixing nonfat
milk (0.1%) and high-fat milk (4.4%), measuréld NMR with
a delay time of 2.0 s, and created the working curve of acyl
chains to determine the fat content of commercial whole milk
(Figure 3B). Thus, the fat content of commercial ordinary whole
milk was determined to be 346 0.1%. The value agreed well
with that determined by the milk company using Rose-Gottlieb
method (21). The working curve of different concentrations of
tripalmitin was created, with the absolute average molar
concentration (mM) of total triacylglycerols in milk being
determined in the same way as that of lactose (Figure 3C).

experiments indicate thaltt NMR spectroscopy can accurately
and easily detect the main compounds in milk within just a few
minutes.

IH-13C HSQC NMR Spectra of Milk. The IH NMR
spectrum of milk was very crowded, and many signals
overlapped. To quantify more compounds in milk, our strategy
was to apply 20'H—13C HSQC spectra (Figure 4), which has
never before been tested. During the quantitative 2D NMR
experiments, 10% D was added to milk, which helped us to
easily adjust the NMR lock and shim system and to obtain good
IH—-13C HSQC spectra (17). Considering the addition @D
to milk, concentrations of milk compounds were compensated
during the data processing.

BecauséH—13C 2D NMR spectra have never been applied
to quantification of milk constituents, we had to verify whether
volumes of 2D signals could be proportional to the concentration
of the corresponding molecule. Since the delay times of standard
chemicals for quantification were quite long for the 2D
measurements, 1 mg/mL Cr(AcAayas added to the solution,
which made the delay tim& ) shorter. For exampl&n of
triolein dissolved in CDGlwas 1.1 s, while by adding 1 mg/
mL Cr(AcAc)s, Tour was reduced to 0.5 s. As a result, we
successfully shortened the delay time and set it to 2.0 s for the
IH—-13C HSQC experiments.

We measured thtH—13C HSQC spectra of standard chemi-
cals such as sodium citrate, acetylglucosamine, tributyrin,
triolein, trilinolein, and lecithin, and we plotted their working
curves of known concentrationg=iure 5). The obtained
working curves successfully indicated that the volumes-of
13C HSQC signals are perfectly proportional to the concentra-
tions, although the sensitivity enhancement mode of HSQC
measurements could not be applied for the quantification. As a
result,"H—13C HSQC can be easily employed for quantification
of milk compounds.

The concentrations of citraté&-acetylcarbohydrates, trim-

The lactose and fat contents in milk are the main parametersethylamine, butyric, total monounsaturated fatty acids, and total

during quality control of milk in the dairy industry. Our

polyunsaturated fatty acids in milk are summarized ables
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Figure 5. The working curves of (A) sodium citrate, (B) acetylglucosamine, (C) tributyrin, (D) triolein, (E) trilinolein, and (F) lecithin.

Table 1. Concentrations of Compounds Contained in Commercial Milk Table 2. Concentrations of Fatty Acids of Triacylglycerols Contained in
Commercial Milk
chemical shift
(6 ppm) chemical shift
used for (6 ppm)
quantification used for
compound o8 concentration  reference values Quantific ation composition composition?
total fats 08-21 36+ 01% 36%° compound 14  BC concentration (% mol) (% mol)
p-lactose 34-3.9 478+1.0mg/mL  42~48 mg/mL? total fatty acids 40,42 35.9+0.7mM
citrate 24,26 452 32x0.2mM° ~2 mg/mL? butyric acid 15 188 62+05mM  17.2 11.8
(0.9+0.1 mg/mL) total monounsaturated 5.2 1302 91+09mM 252 26.6
N-acetylcarbohydrates 2.0 231 29+01mM not reported fatty acids
trimethylamine 3.1 549 4.0+0.6 mM not reported total polyunsaturated 2.7 255 29+03mM 7.9 25
fatty acids
aThe value reported by milk company. ® The values adapted from Kaminogawa total saturated ~240mM 66.8 701
et al. (). ¢ The whole citrate exists as a sodium salt. fatty acids

@ Reference values reported by Christie and Clapperton using gas chromatog-
1 and 2. Citrate provides the weak acidic flavor of milk. Its  raphy.2
concentration was 3.2 0.2 mM. N-Acetylcarbohydrates act
as the stimulant of bifidus bacteria, and their concentrations werein commercial milk for the first time. Considering the various
2.9+ 0.1 mM. Studies oN-acetylcarbohydrates in commercial functions ofN-acetylcarbohydrates with regard to human health,
milk have rarely been reported because of its extremely low the quantification oN-acetylcarbohydrates in commercial milk
concentration. In this study, we quantifiseacetylcarbohydrates  is important to evaluating the nutrition of milk. Many milk
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compounds such as lecithin, sphingomyelin, glycerophospho-
choline, or other similar compounds contain a trimethylamine
group, and its content was determined to be #.@.6 mM.
Among the short-chain fatty acids of triacylglycerols, butyric
acid has a high-level content (62 0.5 mM). As for the
unsaturated fatty acids of triacylglycerols, a high-level content
of monounsaturated fatty acids (2:10.9 mM) was determined,
while the content of polyunsaturated fatty acids was very low
(2.9 + 0.3 mM). Saturated fatty acid concentrations were
determined to be approximately 24.0 mM. The fatty acid
composition (mol %) of triacylglycerols was then calculated
and compared to the reference valueJable 2. Compared to
gas chromatography data?), the fatty acid content determined
by TH—13C HSQC 2D NMR spectra seems to have the same
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(6) Lucena, R.; Gallego, M.; Cardenas, S.; Valcarcel, M. Autoana-
lyzer for milk quality control based on the lactose, fat, and total
protein contentsAnal. Chem2003,75, 1425—1429.

(7) Sasic, S.; Ozaki, Y. Short-wave near-infrared spectroscopy of
biological fluids. 1. Quantitative analysis of fat, protein, and
lactose in raw milk by partial least-squares regression and band
assignmentAnal. Chem2001,73, 64-71.

(8) Nikkhah, A.; Plaizier, J. C.; Einarson, M. S.; Berry, R. J.; Scott,
S. L.; Kennedy, A. D. Short communication: infrared thermog-
raphy and visual examination of hooves of dairy cows in two
stages of lactation]. Dairy Sci.2005,88, 2749—2753.

(9) Etzion, Y.; Linker, R.; Cogan, U.; Shmulevich, |. Determination
of protein concentration in raw milk by mid-infrared fourier
transform infrared/attenuated total reflectance spectroscbpy.
Dairy Sci.2004,87, 2779—2788.

tendency. In contrast, the unsaturated fatty acid content deter- (10) Lin, M.; Shapiro, M. J. Mixture analysis by NMR Spectroscopy.

mined by NMR spectroscopy is higher than that obtained by
gas chromatography. This difference likely has two explana-
tions: first, the milk compounds were quantified by NMR

spectra without any pretreatment, while the gas chromatography

data were obtained after the abstraction of milk fats; second,
the contents of milk compounds usually fluctuate because of
many factors.

To increase the quantitative accuracy of milk compounds
using two-dimensional NMR spectra, all of the samples were

applied for NMR measurements in the same way three times,

and every NMR spectrum was used for the quantitative

experiment alone. Concentrations of all compounds were the
average values of the parallel experiments and their standard

variations were calculated, which indicated that this new
guantitative method is reproducible and precise.

In conclusion, the present results indicate tHat1D and
1H—-13C HSQC 2D NMR spectra are efficient for determining
the concentrations of various organic compounds in milk. In
particular,'H—13C HSQC 2D NMR spectra were first applied
to the quantification of milk components even at low concentra-
tions. NMR will likely be widely applied to quality control and
constituent analysis in various fields of food industry.

ABBREVIATIONS USED

FID, free induction decay; GC, gas chromatography; GI-1,
3, glycerol-1, 3; HPLC, high-performance liquid chromatogra-
phy; IR, infrared; NMR, nuclear magnetic resonance; PFG-
HSQC, pulse field gradient-heteronuclear single quantum
coherence; TLC, thin layer chromatography.
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