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A multiple solid-phase extraction (SPE) method was used with liquid chromatography, coupled with mass spectro-
metry (LC/MS), for the analysis of heterocyclic amines (HCAs) in human urine. Separation efficiencies based on the 
pH of the mobile phase and the types of columns were compared. An amide column showed better baseline separation 
and narrower HCA peak widths at pH 5.0 for the mobile phase than a C8 column. Each SPE step, HLB, MCX, and Hy-
bridSPE, was optimized by controlling the pH conditions. The combined method with the three SPEs effectively re-
moved interfering species that cause ion-suppression during HCA detection. Validation of the method, performed with 
SIM and SRM detection, showed correlation coefficients above 0.991 in the range 0.3 - 16.7 ng/mL. Recovery rates were 
45.4 - 97.3% on the C8 column and 71.8 - 101.4% on the amide column, and method detection limits were 0.11 - 0.65 
ng/mL on the C8 column and 0.12 - 0.48 ng/mL on the amide column. This method using multiple SPEs offers significant 
benefits for high-throughput determination of HCAs in urine.
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Introduction

Heterocyclic amines (HCAs) have been known to form dur-
ing cooking foods such as fish and meat at high temperatures.1-4 
Toxicity studies of various organs of mice and rats suggest that 
HCAs are potent mutagenic and carcinogenic agents.5-7 HCAs 
can be classified into amino-imidazoazarene and amino-carbo-
line types based on the cooking temperature of protein-rich 
food. The former are known as thermic HCAs, which are formed 
by the Maillard reaction of free amino acids, creatine, and hexo-
ses below 300 oC. The latter are pyrolytic HCAs, which are 
produced through the radical reaction of amino acids and pro-
teins at temperatures above 300 oC. To date, more than 20 HCAs 
have been recorded in cooked foods,8,9 and eight have been 
classified as either probable (class 2A) or possible (class 2B) 
carcinogens by the International Agency for Research on Cancer 
(IARC).10 

The HCAs most frequently detected in cooked foods are 2- 
amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) and 
2-amino-3,8-dimethylimidazo[4,5-f]quinoxaline (MeIQx), usu-
ally at concentrations of a few ng/g (ppb).1,11-14 After consump-
tion, the HCAs are rapidly absorbed and distributed across ti-
ssues and blood, and only 1 - 3% of ingested HCAs are excreted 
as intact compounds via urine.15-17 In addition to intact com-
pounds, HCAs can also be metabolized to conjugated com-
pounds by hydroxylation, sulfation, glucuronidation and bind-
ing with DNA in human organs.18-22 However, the amounts of 
intact and metabolized HCAs detected in urine are quite low 
(ng/mL).23-25 Thus, for assessing human exposure to HCAs, an 
analytical method of urine analysis with high sensitivity, selec-
tivity, and reproducibility would be of practical value.

Various extraction methods have been used for detecting 
HCAs in food, including liquid-liquid extraction (LLE),26,27 
supercritical fluid extraction (SFE),28 and solid phase extraction 

(SPE),29-32 but analysis of HCAs in urine has primarily been 
performed using SPE methods. SPE sorbents, such as Blue Ra-
yon,33,34 Blue Cotton,25,35,36 and Blue Chitin17,37 offer high selec-
tivity for polycyclic aromatic compounds38-40 and selectively 
isolate target HCAs from urine. However, the major obstacle 
in the processes of adsorption and desorption using SPE is the 
extraction efficiency. Recovery rates of HCAs using sorbents 
are around 50%, even using reliable methods.15,23,41,42 Thus, 
the analytical problem of low recovery rates during the cleanup 
process indicates a need for a better routine analysis to quantify 
low amounts of HCAs.

HCAs are polar and non-volatile compounds that require che-
mical derivatization methods to improve detection selectivity 
and sensitivity when using gas chromatography.26,43-45 However, 
yields from the derivatization reactions depend strongly on the 
class of HCAs and are limited to specific HCAs. For this reason, 
high-pressure liquid chromatography (HPLC) using reverse- 
phase columns has been preferred for the analysis of HCAs in 
urine.46-49 UV detection has been a popular method, due to the 
high absorption coefficients of HCAs.50-54 Additionally, mass 
spectrometry (MS) using electrospray (ESI)55-59 or atmospheric 
pressure chemical ionization (APCI)60-62 has been used in the 
detection of HCAs. These approaches provided a reduced matrix 
effect and sensitivity and selectivity were increased by using 
the selected ion monitoring (SIM)13,30,34,63 and single reaction 
monitoring (SRM)57,62,64,65 techniques. Both SIM and SRM de-
tection in ESI mode are useful for obtaining low detection limits 
(DLs) to determine trace levels of HCAs in urine, but the SRM 
method may provide identification that is more distinct from 
interference than the SIM method.

To establish a reliable analytical method for quantification of 
HCAs in urine, chromatographic conditions need to be optimiz-
ed according to pH, sample cleanup, and detection method(s). 
In this study, we compared separation efficiency using eight 
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Figure 1. Chemical structures and abbreviated names of eight HCAs.

HCAs on three columns, C18, C8, and amide, under different 
pH conditions of the mobile phase. The use of a multiple SPE 
method to eliminate interference from human urine was also 
evaluated, and an optimized clean-up procedure is presented. 
Quality control using an analytical method based on two differ-
ent acquisition modes, SIM and SRM, was established to evalu-
ate human exposure to carcinogenic HCAs.

Experimental 

Chemicals. The eight HCAs studied, 2-amino-3-methylimi-
dazo[4,5-f]quinoline (IQ), 2-amino-6-methyldipyrido[1,2-a: 
3',2'-d]imidazole (Glu-P-1), 2-amino-dipyrodo[1,2-a:3',2'-d]-
imidazole (Glu-P-2), 2-amino-3,8-dimethylimidazo[4,5-f]qui-
noxaline (MeIQx), 2-amino-3,4-dimethylimidazo[4,5-f]quino-
line (MeIQ), 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyri-
dine (PhIP), 2-amino-9H-pyrodo[2,3-b]indole (AαC), and 2- 
amino-3-methyl-9H-pyrodo[2,3-b]indole (MeAαC), were pur-
chased from Toronto Research Chemicals Inc. (Toronto, Cana-
da); their chemical structures are shown in Figure 1. The internal 
standard, 1-naphthyl amine, was purchased from Sigma (St. 
Louis, MO, USA). HPLC-grade acetonitrile and methanol were 
purchased from J.T. Baker (Phillipsburg, NJ, USA), and water 
was purified using a Milli-Q system (Millipore Co., Bedford, 
MA, USA). Solutions of 25% ammonia and 37% hydrochloric 
acid were purchased from Merck (Darmstadt, Germany). Am-
monium acetate, acetic acid, and formic acid were used as modi-
fiers and were purchased from Fluka (Buchs, Switzerland). 
For SPE, an Oasis HLB cartridge (60 mg) and an Oasis MCX 
cartridge (30 mg) were purchased from Waters (Milford, MA, 
USA), and HybridSPE (30 mg) was purchased from Supelco 
(Bellefonte, PA, USA).

LC/ESI-MS. Chromatographic separation of eight HCAs 
using HPLC (NANOSPACE SI-2, Shiseido, Japan) was perform-
ed with Luna C18 (150 × 1 mm, 5 µm, Phenomenex, CA, USA), 
Luna C8 (150 × 1 mm, 5 µm, Phenomenex), and Ascentis Ex-
press RP-Amide (150 × 2.1 mm, 2.7 µm, Supelco) columns. Effi-
ciency in separating HCAs was studied based on pH, using mo-

bile phases of water (A) containing 0.1% formic acid, 0.1% 
acetic acid, or 10 mM ammonium acetate with pH values of 2.6, 
3.2, and 5, respectively. A gradient program was used with the 
C18 and C8 separations for 0 - 20 min (5 - 70% B acetonitrile in 
A), and then the columns were equilibrated with 5% B for 20 
min at a flow rate of 50 µL/min. For the amide column, a gradient 
program was used with 0 - 20 min (20 - 70% B acetonitrile in 
A), and then the column was equilibrated with 20% B for 15 
min at a flow rate of 100 µL/min. A 2 µL sample aliquot was 
injected into the HPLC. The HPLC system was interfaced to 
an LCQ DECA XP MS system (Thermo Finnigan, San Jose, CA, 
USA) operated with an ESI source in positive mode with a spray 
voltage of 4.5 kV under N2 sheath gas flow at 50 arbitrary units. 
The capillary temperature was maintained at 275 oC. Total ion 
chromatograms (TICs) of HCAs were obtained in the m/z range 
100 - 300. The MS/MS spectra were acquired using different 
collision energies, depending on the type of HCA; detailed para-
meters are described in Table 1. Information for the quantitation 
ions used in SIM and SRM detection are also listed in Table 1.

Analytical method. A 3 mL urine sample was loaded into 
the HLB cartridge (60 mg), preconditioned with 1 mL of meth-
anol (MeOH) and 1 mL of water. After washing with 2 mL of 
1% NH3, the eluent was collected using 3.5 mL of MeOH. The 
HLB eluent was loaded into the HybridSPE (30 mg), followed 
by addition of 1 mL of MeOH. The filtrate was collected and 
combined with 0.5 mL of 0.1 M HCl. The solution was loaded 
into the MCX cartridge (30 mg), preconditioned with 1 mL of 
MeOH. After washing with 1 mL of 0.1 M HCl and 1 mL of 
MeOH, the eluent was collected using 3 mL of 10% NH3 in 
MeOH. Finally, the extract was dried under a stream of nitrogen 
gas and reconstituted with 100 µL of 1-naphthylamine (5 µg/mL) 
as an internal standard. An aliquot of 2 µL was injected into 
the LC/MS system described above. The analytical procedure 
for detection of HCAs in urine is shown in Figure 2.

Method validation. For linearity validation, standard solu-
tions of eight HCAs in the range 0.3 - 16.7 ng/mL were prepared 
and measured at seven concentration points. The peak areas of 
the HCAs relative to the internal standard were plotted against 
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Table 1. SIM ions and characteristic ions observed in MS/MS spectra of HCAs

HCAs Molecular 
weight (u)

[M+H]+ or 
SIM ions (m/z)

Collision 
energy (%) Characterized ionsa (m/z)

IQ 198 199 45 199 [M+H]+, 184[M+H-CH3]+, 157[M+H-CH3-HCN]+

Glu-P-1 198 199 49 199[M+H]+, 184[M+H-CH3]+, 182[M+H-NH3]+, 172[M+H-NCN]+, 145[M+H-(HCN)2]+

Glu-P-2 184 185 47 185 [M+H]+, 168 [M+H-NH3]+, 158[M+H-HCN]+, 131 [M+H-(HCN)2]+

MeIQx 213 214 47 214[M+H]+, 199[M+H-CH3]+, 173[M+H-CH3-CN]+, 172[M+H-CH3-HCN-CN]+

MeIQ 212 213 45 213 [M+H]+, 198[M+H-CH3]+, 197[M+H-CH4]+, 172[M+H-CH3-CN]+, 
145[M+H-CH3-HCN-CN]+

PhIP 224 225 49 225[M+H]+, 210[M+H-CH3]+

AαC 183 184 45 184[M+H]+, 167[M+H-NH3]+, 140[M+H-NH3-HCN]+

MeAαC 197 198 43 198[M+H]+, 183[M+H-CH3]+, 181[M+H-NH3]+, 154[M+H-NH3-HCN]+, 
129 [M+H-C3H5N2]+

aBold: ions selected for single reaction monitoring detection

Precondition  MeOH 1ml and H2O 1ml
Load              Urine 3ml
Wash              1% NH3 1ml
Elute               MeOH 3.5ml

Precondition  MeOH 1ml
Load              HLB and HybridSPE eluent 4.5ml +                   

0.1M HCl 500µL
Wash              3 mL of 0.1M HCl 1ml and MeOH 1ml 
Elute              10% NH3 in MeOH
Dry with nitrogen gas
Add100µL of 1-naphthyl amine (5µg/mL)

LC/MS

Load               HLB eluent 3.5ml
Elute               MeOH 1ml  

HLB (60mg)

MCX (30mg)
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Elute

MeOH 1 mL and H2O 1 mL
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Elute

MeOH 1 mL
HLB and HybridSPE eluent 4.5 mL +
0.1 M HCI 500 µL
0.1 M HCI 1 mL and MeOH 1mL
10% NH3 in MeOH 3 mL

Figure 2. Analytical procedure for detection of HCAs in human urine.

the corresponding concentrations of the HCAs, and the linearity 
was calculated by a mean of the least-squares method. For accur-
acy and precision validation, HCA mixtures at two different con-
centrations (1.67 and 3.33 ng/mL) were spiked into HCA-free 
urine and nine replicate samples were analyzed according to 
an established analytical method. The limit of detection (LOD) 
and the limit of quantification (LOQ) were determined using 
urine spiked with 5 ng of the HCA mixture (n = 9), and the 
values were defined as 2.90 times the standard deviation (SD) 
and 10 times the SD, respectively.

Results and Discussion

Separation of HCAs using different columns and pH values. 
Mass detection using ESI requires ionized analytes to increase 
sensitivity after separation with a reverse-phase column. Thus, 

amine compounds such as HCAs require the use of an acid modi-
fier in the mobile phase to maintain a lower pH than their pKa 
during separation. However, at low pH ionized HCAs are quick-
ly eluted, resulting in poorly resolved peaks on the reverse- 
phase columns, even though protonated HCAs provide enhanc-
ed sensitivity when using the ESI process. A pH effect is seen 
and maximum HCA sorption on the columns is attained between 
pH 3 and 7 and decreases steeply at pH < 3.66

When a conventional C18 column was used, the separation 
of polar IQ, MeIQ, MeIQx, Glu-P-1, and Glu-P-2 was better 
than that with less-polar PhIP, AαC, and MeAαC, based on 
LC parameters, such as flow rates and the pH of the mobile 
phase. The use of a 0.1% formic acid modifier of pH 2.6 in the 
mobile phase resulted in poor discrimination for IQ, MeIQ, and 
Glu-P-2 in the region of the void volume (Fig. 3a). The use of 
10 mM ammonium acetate buffer of pH 5.0 resulted in suffi-
cient interaction of polar HCAs with the C18 column and longer 
retention times, while MeIQx and Glu-P-1 were not separated 
as individual peaks (Fig. 3b).

C8 columns are commonly used to retain HCAs longer, but 
the separation performance of a column is dependent on the 
type of stationary phase produced by the manufacturer. Simi-
larly, at pH 2.6 on the C8 column the polar HCAs were insuffici-
ently separated in the region of shorter retention times (Fig. 3c). 
Additionally, the mobile phase of pH 3.2 containing a 0.1% 
acetic acid modifier did not provide sufficient separation using 
either the C18 or C8 columns. In the pH-5.0 buffer, better peak 
separations of eight HCAs in the total ion chromatogram (TIC) 
with positive ESI were achieved using the C8 column (Fig. 3d). 
For comparison with the C8 column, an amide column with a 
polar stationary phase and orthogonal selectivity was used to 
achieve the appropriate separation performance. The amide 
column resulted in satisfactory peak resolution with narrower 
peak widths and shorter total runtimes than the C18 column 
(Fig. 4). In this study, the separation parameters of two C8 and 
amide columns optimized at pH 5.0 were used to validate the 
established method described in Section 2.3.

HCAs are predominantly produced as protonated molecular 
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Figure 4. Single reaction monitoring chromatograms of eight HCAs at
20 ng/mL, separated using an amide column under the CID conditions
described in Table 1.

ions, [M+H]+, in the positive ion mode of ESI. To obtain struc-
tural information, the [M+H]+ ions were selected as precursors 
for collision-induced dissociation (CID) to obtain MS/MS spec-
tra. The maximum intensity of the fragment ions was provided 
to adjust the activation energies of the ion trap analyzer. The MS/ 
MS spectra were classified into two groups according to the cha-
racteristic fragment ions produced. One was an aminoimidazoa-
zarene group, which predominately produced the characteristic 
ions, [M+H-CH3]+, as base peaks in the MS/MS spectra. The 
product ion spectra of MeIQx showed another intense ion, [M+ 
H-C2NH3]+, representing the loss of 41 Da through the break-
ing of the aminoimidazole ring from the precursor ion. In the 
case of IQ, MeIQ, and PhIP, the neutral loss of C2NH3 resulted 
in minor fragment ions. The other group was an amino-carboline 
group, which commonly produced various fragment ions, [M+ 
H-NH3+H2O]+, [M+H-NH3]+, and [M+H-HCN]+. MeAαC and 
Glu-P-1, which both contain a methyl group, produced addi-
tional fragment ions of [M+H-CH3]+.

Based on the mass spectra of HCAs, [M+H]+ ions were select-
ed for detection using the SIM mode for method development. 
Each characteristic ion, [M+H-CH3]+ for imidazoazarenes and 
[M+H-NH3]+ for carbolines, was also selected for SRM detec-
tion to validate the established method. The SIM and SRM para-
meters used in this study are summarized in Table 1.

Solid phase extraction (SPE) using various adsorbents. As 
discussed previously, pH is an important parameter in the SPE 
procedure and is related to reliable urine cleanup results. To 
evaluate the SPE procedure, a control water sample of 3 mL was 
prepared by spiking it with 20 µL of a mixture of eight HCAs 
(1 µg/mL). The HLB copolymer required a washing step (1 mL 
of 1% NH3) to enhance adsorption of HCAs and remove inter-
ference from urine after loading the sample. No loss of HCAs 
occurred in this washing step. Unionized HCAs captured on 
the adsorbent in base condition using NH3 were eluted with 
MeOH. The elution patterns of HCAs on the HLB sorbent 
showed that less polar HCAs eluted more slowly than the polar 
HCAs, due to strong interactions with the adsorbent. However, 
the eluent of 3.5 mL of MeOH was able to concentrate all HCAs 
(Fig. 5a). The recovery rates for this procedure ranged from 
84.0 ± 15.2% to 105.6 ± 6.8%, indicating that the HLB cleanup 
procedure was appropriate.

In addition to the HLB procedure, an additional cleanup step 
was introduced to provide selective adsorption of basic HCAs. 
MCX is used as a cation exchange adsorbent and it requires low 
pH to adsorb positively ionized HCAs. Therefore, a washing 
step (0.1 M HCl) followed loading 20 ng of HCAs spiked into 
3.5 mL of MeOH to capture HCAs on the MCX adsorbent. The 
eluent obtained by washing with HCl and MeOH contained 
no HCAs. A preliminary test of the elution behavior of HCAs 
using 60 mg of MCX adsorbent showed that less polar HCAs 
(i.e., PhIP, AαC, MeAαC) remained on the sorbent for a long 
time when eluting with a solution of 2, 5, or 10% NH3 in MeOH. 
Therefore, MCX was unable to concentrate all HCAs within a 
small fraction, although interference from urine may have re-
tained to this. This result is consistent with results reported by 
Sentellas et al.24 MCX (30 mg) resulted in elution of all HCAs 
within 2 mL for 10% NH3 in MeOH, as shown in the elution pa-
ttern in Figure 5b. The recovery rates of 80.2 ± 2.6% to 100.9 ± 
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Table 2. Equations of calibration curves for seven concentrations 
ranging from 0.3 to 16.7 ng/mL

HCAs
C8 column Amide  column

Calibration 
equations R2 Calibration 

equations R2

IQ 0.3073x + 0.1223 0.991 1.7949x + 0.7649 0.995
Glu-P-1 1.0903x ‒ 0.0984 0.999 2.6469x + 0.1937 0.998
Glu-P-2 0.4930x ‒ 0.0171 0.997 2.2430x + 0.5660 0.993
MeIQx 0.7473x + 0.1222 0.998 1.8622x + 1.1720 0.992
MeIQ 0.7731x + 0.1083 0.997 2.4954x + 0.9165 0.991
PhIP 1.4692x + 1.3087 0.997 2.1195x + 1.9675 0.991
AαC 0.2934x + 0.0955 0.993 0.4195x ‒ 0.2802 0.995

MeAαC 0.6106x + 0.2840 0.993 1.1792x ‒ 0.7512 0.992

13.0% indicate that the adsorbent capacity was appropriate for 
the clean-up of all HCAs.

In a water matrix spiked with HCAs, recovery rates using 
the multiple SPE method were 51.4 ± 11.9% to 102.4 ± 4.5%, 
whereas the extraction efficiency for HCAs spiked into human 
urine using a combination of HLB and MCX cartridges was 
low, between 35.6 ± 10.0% and 85.2 ± 8.3%. It is likely that 
interference from urine that was co-eluted during chromato-
graphic separation suppressed ion formation of HCAs during 
the ESI measurements. The lowest recovery rates were for 
PhIP, which has frequently been detected in human urine.67,68 
The ion suppression problem was revealed by UV chromato-
grams at 213 nm for each step of the SPE method. The chromato-
gram in Figure 6b shows that applying the MCX process after 
the HLB SPE (Fig. 6a) removed interference eluting in the 
range of shorter retention times on the C8 column. However, 
interference eluting in similar regions with the retention time 
of PhIP was insufficiently washed out after these combined SPE 
steps, resulting in low recovery of PhIP. Thus, an additional 
cleanup step was needed to decrease the matrix effect. Hybrid-
SPE, which has been used primarily for precipitating proteins 
and removing phospholipids in plasma, was used as an alterna-
tive. The adsorbent, consisting of zirconia-coated silica parti-
cles, provided acid-base interaction and removed interfering 

species from urine that remained in the eluent after HLB-MCX 
SPE. Briefly, the basic eluent from the HLB adsorbent passed 
through the HybridSPE cartridge, and an additional 1 mL of 
MeOH was eluted. Then, the combined eluent was transferred 
onto the MCX cartridge. The tandem SPE method of HLB- 
HybridSPE-MCX showed successful wash-out of interference 
(Fig. 6c). The recovery rates also improved, to 54.7 ± 10.9% 
to 90.4 ± 7.8%, which are comparable with literature results. 
The recovery rate of HCAs has commonly been measured at 
50%,41,42 and the recovery rate of PhIP is generally lower than 
that of other HCAs.38-40,67,68 The analytical procedure, optimized 
using tandem SPEs, is summarized in Figure 2.

Validation of analytical method. Calibration curves were 
generated using the peak ratios for eight HCAs against the inter-
nal standard of 1-naphthylamine. Standard mixtures of the eight 
HCAs were analyzed at seven concentrations, in the range 0.3 - 
16.7 ng/mL. The concentration range of calibration is sufficient 
to measure amounts of HCAs in urine. The calibration curves 
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Table 3. Recovery rates, MDL and PQL measured by SIM and SRM detection using C8 and amide columns

HCAs

C8 column Amide column

SIM MRM SIM MRM

Recovery (%) MDL PQL Recovery (%) MDL PQL Recovery (%) MDL PQL Recovery (%) MDL PQL

1.67
ng/mL

3.33
ng/mL (ng/mL) 1.67

ng/mL
3.33

ng/mL (ng/mL) 1.67
ng/mL

3.33
ng/mL (ng/mL) 1.67

ng/mL
3.33

ng/mL (ng/mL)

IQ 94.7 ± 5.7 71.4 ± 8.3 0.26 0.90 73.6 ± 7.7 83.9 ± 7.1 0.27 0.94 101.4 ± 4.5 78.3 ± 5.4 0.22 0.75 86.6 ± 10.2 81.5 ± 6.4 0.42 1.47
Glu-P-1 82.6 ± 5.5 57.3 ± 6.7 0.22 0.75 67.8 ± 8.6 61.1 ± 9.8 0.28 0.97 99.2 ± 5.3 80.3 ± 6.4 0.25 0.87 96.8 ± 5.4 81.9 ± 9.5 0.25 0.86
Glu-P-2 95.4 ± 5.4 81.4 ± 6 0.25 0.85 81.2 ± 5.9 78.6 ± 7.4 0.23 0.80 93.7 ± 6.2 77.3 ± 7.0 0.28 0.96 71.8 ± 8.3 75.0 ± 9.0 0.29 0.99
MeIQx 97.2 ± 6.7 67.7 ± 9.3 0.31 1.08 82.8 ± 16.4 77.8 ± 9.9 0.65 2.25 90.5 ± 6.6 83.9 ± 4.8 0.29 0.99 82.3 ± 12.1 81.4 ± 6.6 0.48 1.65
MeIQ 97.3 ± 4.7 75.3 ± 12.9 0.22 0.75 84.7 ± 2.8 86.7 ± 6.9 0.11 0.39 99.7 ± 6.1 92.9 ± 3.6 0.29 1.01 86.5 ± 7.2 92.3 ± 6.7 0.30 1.03
PhIP 58.2 ± 7.6 54.2 ± 10.8 0.21 0.74 45.4 ± 6.6 60.8 ± 6.9 0.14 0.50 88.6 ± 6.1 73.0 ± 6.3 0.26 0.89 83.9 ± 7.1 86.0 ± 8.5 0.29 0.99
AαC 75.2 ± 4.3 51.5 ±7 .5 0.16 0.54 78.2 ± 10.8 77.9 ± 7.1 0.41 1.41 98.0 ± 2.5 69.1 ± 6.1 0.12 0.41 83.3 ± 9.7 94.0 ± 7.4 0.39 1.35

MeAαC 88.6 ± 6.2 51.6 ± 9.8 0.26 0.91 75.4 ± 12.6 64.7 ± 7.1 0.46 1.58 83.9 ± 5.8 68.7 ± 5.8 0.23 0.80 80.1 ± 10.5 86.8 ± 8.6 0.41 1.40

of the HCAs on C8 and amide separations showed good linearity 
within the given concentration ranges. The correlation coeffici-
ents ranged from 0.991 - 0.999 for the C8 column and 0.991 - 
0.998 for the amide column (Table 2).

To validate the accuracy and precision of the analytical me-
thod, two analytical concentrations, 1.67 and 3.33 ng/mL, were 
spiked into human urine. The samples (n = 9) were analyzed 
according to the established analytical procedure using SIM and 
SRM on two columns. The results are summarized in Table 3. 
The recovery rate did not depend on the detection method, SIM 
or SRM, nor on the amount of HCAs spiked into the urine. 
The amide column provided consistently higher recovery rates 
than the C8 column, particularly for detection of PhIP. This was 
due to interference from matrix components that co-eluted with 
HCAs during separation on the C8 column, but these compo-
nents were resolved using amide separation due to the dissimilar 
interaction mechanisms of the columns.

The LODs were determined by performing nine analyses 
with 3 mL of urine spiked with 5 ng of the HCA mixture. The 
LOD values were 0.16 - 0.31 ng/mL for SIM and 0.11 - 0.65 
ng/mL for SRM using the C8 column, and 0.12 - 0.29 ng/mL for 
SIM and 0.25 - 0.48 ng/mL for SRM using the amide column. 
The SIM detection tool was more sensitive for detection of 
HCAs in urine than the SRM detection tool, although SRM is 
a more selective technique. The LOQs were defined as ten times 
the standard deviation, calculated when determining LODs. The 
LOQs represent the lowest concentration that could reliably be 
quantified. The LOD and LOQ results are shown in Table 3.

Conclusions

In this study, a tandem SPE method was designed to achieve 
higher recovery rates and better reproducibility for detection 
of HCAs in urine. Although the clean-up steps, as well as the 
column separation of HCAs, were sensitive to pH, verification 
of each step led to the development of an analytical method 
with high throughput. Separation of HCAs on the amide column 
allowed faster run times and narrower peak widths than with 
the C8 column, although the difference was not always signifi-
cant. The poor recovery of PhIP using a combination of HLB and 

MCX SPE was overcome by the addition of another ion exchan-
ge SPE, HybridSPE. Two SIM and SRM detection techniques 
in positive ESI were also evaluated for detection of HCAs. 
The responses were linear from the LOQ up to 16.7 ng/mL in 
urine, and the recovery rates for two concentrations of HCAs 
indicated acceptable accuracy and precision for analysis of 
HCAs in urine. In comparison with a C8 column, an amide co-
lumn, which operates on a different separation mechanism, pro-
vides better recovery. The analytical method established using 
multiple SPEs may be useful for detecting HCAs in urine to 
assess human exposure.
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