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a b s t r a c t

The serious cytotoxicity of tyramine attracted marked attention as it induced necrosis of

human intestinal cells. This paper presented a novel and facile high performance thin-

layer chromatography (HPTLC) method tailored for screening tyramine in cheese. Sepa-

ration was performed on glass backed silica gel plates, using methanol/ethyl acetate/

ammonia (6/4/1 v/v/v) as the mobile phase. Special efforts were focused on optimizing

conditions (substrate preparation, laser wavelength, salt types and concentrations) of

surface enhanced Raman spectroscopy (SERS) measurements directly on plates after

derivatization, which enabled molecule-specific identification of targeted bands. In paral-

lel, fluorescent densitometry (FLD) scanning at 380</400 nm offered satisfactory quanti-

tative performances (LOD 9 ng/zone, LOQ 17 ng/zone, linearity 0.9996 and %RSD 6.7).

Including a quick extraction/cleanup step, the established method was successfully vali-

dated with different cheese samples, both qualitatively (straightforward confirmation) and

quantitatively (recovery rates from 83.7 to 108.5%). Beyond this application, HPTLC-FLD-

SERS provided a new horizon in fast and reliable screening of sophisticated samples like

food and herb drugs, striking an excellent balance between specificity, sensitivity and

simplicity.
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1. Introduction

Nowadays, instrumentalized HPTLC was taking an increas-

ingly elevating position over conventional HPLC/GC in food

and drug screening [1e6]. In addition to its intrinsicmerits like

high throughput and user-friendness purely as a separation

tool, there was a trend to employ HPTLC as a flexible and

matrix-robust platform simultaneously bridging a large array

of advanced detectors like biosensors [7e9], MS [10,11] and

NMR [12] at ease. This was shaping the future development of

HPTLC, which would substantially strengthen and expanded

its applicability.

Coupling surface enhanced Raman spectroscopy (SERS)

with HPTLC was proposed shortly after the discovery of this

abnormal optical phenomenon by Fleischmann in 1974, but

initially not that successful due to hardware limitations.

With the popularizing of portable Raman spectrometry, this

analytical strategy became increasingly attractive, especially

to controlling laboratories with limited resources. The

featuring advantage of SERS was the sharp, fingerprint like

spectra pattern specific to analyte at extremely low concen-

trations (even to a single molecule), making it one of themost

dynamically developing frontier in analytical chemistry

[13e17]. Nevertheless, SERS detection also faced difficulties

with sophisticated samples like food. As it was known that

the enhancement factors of SERS were critically dependent

on the absorption of molecules to substrate surface. There-

fore, food matrices with a stronger affinity towards substrate

would subject to higher enhancement, flooding the weak

signals by targeted compounds. When linked to HPTLC, this

inefficiency of SERS would be substantially improved, since

the analyte and matrices was physically isolated from each

other after separation [17,18]. Obviously, HPTLC-SERS was a

much more cost-effective alternative to HPTLC-MS/NMR in

identifying chromatographic fingerprints.

Cheese, rich in protein, vitamins and many other health-

beneficial nutrition, was becoming increasingly popular in

many Asian countries. But growing attention had been paid to

the toxicity risk posed by biogenic amines accumulated in the

manufacturing process. Tyramine (Tyr) was the most abun-

dant biogenic amine in cheese, which was mainly responsible

for the “cheese effects” characterized with hypertension,

headache or even migraine. Moreover, using real-time cell

analysis it was recently revealed that Tyr can induce necrosis

of human intestinal cells and this cytotoxicity was even

stronger than that of histamine [19]. In order to ensure food

safety, facile and reliable method for screening Tyr in cheese

was urgently needed.

The specific objective of this work was to establish a real

screening-tailored method for the reliable confirmation and

quantitation of Tyr in cheese products, against the strictest

maximum residue limit (MRL) established by EU [20]. To ach-

ieve this goal, bands visualized by fluorescamine was directly

assayed by SERS and fluorescent densitometry (FLD). Mean-

while, special attention was focused on the key parameters

(substrate preparation, laser wavelength, salt types and con-

centrations selection) tightly related to the detectability of

SERS.

2. Methods

2.1. Chemicals

Tyramine hydrochloride (>98% purity) and fluorescamine

(>99% purity) as well as methanol, ethyl acetate were pur-

chased from Aladdin (Shanghai, China). Ultra-pure water was

prepared by a Synergy system (Millipore, Schwalbach,

Deutschland). Other chemicals and solvents of analytical

grade were from Sigma Aldrich (Shanghai, China). Class

backed silica gel F254 plates (20� 10 cm, analytical grade, serial

No. 4022536067940) was supplied by Merck (Darmstadt,

Deutschland). Prior using, each plate was pre-washed with

methanol. All cheese samples were purchased at local

supermarkets.

2.2. Standard solutions and samples preparation

The stock solution of Tyr was prepared by dissolving 10.0 mg

reference standard with 10 mL methanol. Working solutions

were 1:50 (for establishing the calibration curve) and 1:1000

(for determining method sensitivity) folds diluted with

methanol.

Extraction and cleanup of Tyr from cheese matrix was

principally based on the method described by Restuccia [21].

Briefly, 5.0 g chopped cheese was weighted in a 50.0 mL test

tube filled with 20 mL of 0.1 mol/L hydrochloric acid. If

necessary, the mixtures were spiked with 150 or 100 mL Tyr

stock solution, resulting in 30 or 20 mg/kg artificially

contamination. The suspension was mixed in ultrasonic bath

(40 �C) for 5 min, homogenized by vortex for 3 min and then

centrifuged at 10,000 g for 10 min at 4 �C. The obtained su-

pernatant was used for analysis after filtering through a

0.45 mm membrane in a 5 mL syringe.

2.3. Microwave assisted AgNPs fabrication

Colloid of AgNPs was prepared via chemical reduction

methods proposed by Lee and Meisel [22], but accelerated by

using microwave irradiation as the heating method. Briefly,

45 mg AgNO3 and 50 mg trisodium citrate was dissolved in

250 mL water. This mixture was heated at high power and

monitored every 2min. Themorphology and surface charge of

obtained AgNPs was characterized by a JEM-2100 trans-

mission electronic microscopy (JEOL, Tokyo, Japan) and a

Zetasizer (Malvern Instruments Ltd, Malvern, UK), respec-

tively. Further, the crude colloid was 10 folds condensed by

centrifuging.

2.4. Chromatography and derivatization

A TLC sampler Linomat 5 (CAMAG, Muttenz, Switzerland) was

used to apply the sample liquid as 6 mm bands carried by a

nitrogen gas stream, with position settings: 8 mm from the

lower edge, 15 mm initially from the left side and track gap

automatically calculated.

The chromatography was performed with an ADC-2

(CAMAG, Muttenz, Switzerland). In order to guarantee
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straight and reproducible chromatographic results, following

settings were used: 30 s pre-drying, 5 min humidity control

(33%), 5 min tank saturation, 15 min plate pre-conditioning,

60 mm migration distance. Following a short heating at

100 �C to eliminate ammonia residue, analyte was fluo-

rescently labeled by dipping the plate into 0.1 mg/mL fluo-

rescamine in acetone with a TLC Immersion Device III

(CAMAG, Muttenz, Switzerland) at a vertical speed of 2 cm/s

and 2 s stay. After that, the plate was heated at 100 �C on a

plate heater to visualize the analyte.

2.5. Plate documentation and densitometry

Digital images of the developed plates were captured by a

DD70 imaging system (Biostep, Burkhardtsdorf, Deutschland)

under 366 nm light. Then, the plates were densitometrically

scannedwith a TLC Scanner 3 (CAMAG,Muttenz, Switzerland)

in fluorescence mode with following settings: slit dimension

3.00 � 0.30 mm (Micro), optical system for maximum resolu-

tion, scanning speed 20 mm/s, data resolution 50 mm/step,

mercury lamp 380</400 nm (K400 optical filter). Data acqui-

sition and processing was done by CAMAG winCATS software

in quantitative mode version 1.4.6.

2.6. HPTLC-SERS

Bands visible to naked eyes under 366 nm light was marked

with a soft-pencil. To the center of these bands, AgNPs colloid

(1 mL) and salt solutions (1 mL) at different concentrations were

successively spotted. After that, the SERS spectra were

immediately recorded with a Raman spectrometer (Horiba

Jobin Yvon S.A.S, France) in reflectionmode. To do so, bands of

interest were manually adjusted on the sample stage guided

by a red beam. Three laser sources including Nd:YAG 532 nm,

He:Ne 633 nm and diode 785 nm was used for excitation and

the laser beam was focused with a 100� objective in 90� ge-

ometry. For each SERS measurement, signal acquisition was

averaged from three times accumulations of 10 s. The ob-

tained data was process and quantified with LabSpec 5 soft-

ware, 9.10.27 version.

3. Results and discussion

3.1. HPTLC-FLD optimization

To achieve acceptable separation of the analyte from other

matrices which can also be visualized by derivatization,

initially a large array of solvent systems was tested as mobile

phase. After comparison, methanol/ethyl acetate/ammonia 6/

4/1 (v/v/v) that delivered the best resolution was selected for

following separations. As shown in Fig. 1A, a sharp window

space (at Rf of 0.38) comparable for both the standard and

positive founds in cheese samples was achieved after sepa-

ration. The strictest MRL of Tyr for consumer taking classical

MOID was established at 6 mg/kg [20], or 22.5 ng/band

expressed as absolute quantity on TLC plates assuming 15 mL

extract was applied. Here, the sensitivity of eye inspection

was down to 20 ng/band. In another word, preliminary judg-

ments on the non-compliance profile of samples can be easily

reached from visual impression, thus extremely valuable for

screening work.

More accurate assessment was performed by densitometry

in fluorescence mode. With the intension to fix the optimal

excitation wavelength, the fluorescence spectrum

(320e400 nm) of targeted bands was probed first. As depicted

in Fig. 1S, it was clear that the profiles of obtained spectra

displayed high similarity, reaching maxima at 380 nm. Com-

bined with a K400 optical filter, this wavelength was found

also suitable for matrix-matched runs, as shown in Fig. 1B.

3.2. HPTLC-SRES optimization

It was well accepted that metallic nanostructures as active

substrates played a key role in SERS observation and a broad

diversity of strategies had been proposed for their prepara-

tion. Nevertheless, a synthesis protocol that was simple,

toxic-reagent-free and time-saving was highly favored from a

practical perspective. Taking these factors into consideration,

microwave irradiation was employed in this study to accel-

erate the preparation of Ag nanoparticles (AgNPs) via the

classic reaction of citrate and AgNO3. It was clear from Fig. 2S-

A that considerable AgNPs had been fabricated only after

6 min irradiation, reflected by the appearance of dark gray

color of the solution. Zeta potential results and microscopic

images confirmed the AgNPs obtained at this moment were

negatively charged (�32.4 ± 0.2 mV) and of spherical shape as

shown in Fig. 2S-B. But, it did not make sense to extend the

reaction longer than 6 min, because flocculation occurred

after that. Therefore, AgNPs after 6 min reaction was used for

SERS detection.

In addition to the enhancement induced by active sub-

strates, excitation wavelength was another crucial factor

affecting the strength of SERS signals. Accumulated evidences

indicated that resonant SERS phenomenon may occur on con-

dition that the frequency of the laser matched the electronic

transition resonance of the targeted compounds, resulting in

substantial elevation of SERS signals [23]. Consequently, the

usability of threedifferent incident laser at 532, 633 and785nm,

respectively, was assessed for SERS detection. Nevertheless,

preliminary tests disclosed that themolecules of Tyr deposited

on silica gel layerwas “blind” to any incident laser, as shown in

Fig. 3S. This implied that AgNPs alone was not able to trigger

detectable SERS signals of analyte. Apart from that, another

major obstacle of detection was the excessive fluorescamine

resulted from dipping. Similar to our previous experiences, its

presence led to strong background noises.

As highlighted in many reports associated with SERS,

either with solutions or HPTLC plates, the adding of salts as

activator was often of crucial importance for generating

detectable signals [24e26]. Particularly, our previous study

demonstrated that the presence of NaCl effectively sup-

pressed noises due to excessive fluorescamine [27]. Inspired

by these reports, a wide range of salts was investigated here,

with regard to their efficacy to enhance the detectability of

SERS and to remove the masking effects caused by excessive

derivative reagent. Fig. 2 and Fig. 4S comparatively presented

the SERS results of Tyr bands and the background, resulted

from different combinations of aforementioned parameters.

To our surprise, the effects of the 6 investigated salts on SERS
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differed dramatically, though they all showed excellent ability

to wipe out background noises. More specifically, the addition

of NaBr exclusively resulted in intensive and pattern-rich

SERS fingerprints, regardless the variation of incident laser

wavelengths; whereas insignificant enhancement was recor-

ded at the presence of other 5 salts. This observation was

contrary to previous reports in which NaCl unanimously

offered the remarkable enhancement of SERS results [25,28],

suggesting that the choosing of salts as SERS activator on

HPTLC was not immutable but should be customized ac-

cording to the molecular structures.

Conventional explanation of such salt-induced enhance-

ment more emphasized the contribution by “hot spots”which

are highly localized regions of intense local field enhance-

ment. The chemical essence of “hot spots” is interstitial

crevices between aggregated nano particles [29]. However,

this theory was not able to convincingly explain why exclu-

sively NaBr induced detectable SERS signals while the oppo-

site was true for the other 5 salts that also can trigger

aggregation of dispersed AgNPs. “Anion activation effect”

offered an alternative explanation. It was assumed that anion

(mainly Cl�) can mediate the formation of Ag-analyte com-

plexes [24]. But our findings raised questions to this hypoth-

esis. For instance, NaBr and KBr shared the same anion

moiety, but their effects on SERS exhibited striking differ-

ences. This interesting discrepancy implied that the overall

enhancement capacity of a salt should be attributed to the

synergistic effects of both the anion and cation moieties,

though the mechanism behind the difference was still not

clear.

Furthermore, it was obvious that the use of different inci-

dent lasers led to remarkable variations of intensities and

fingerprint patterns of the obtained SERS spectra. In compar-

ison, the use of 633 nm laser offered superiorlymore intensive

and informative SERS results, which was characterized by a

prominent peak at 834 cm�1 and a peak cluster at 1187, 1214

and 1243 cm�1. With 532 nm excitation, the strongest peak

shifted to 815 cm�1 while the peak cluster at 1215 cm�1

drastically attenuated. The SERS spectra obtained under

785 nm excitation exhibited a similar profile to that by 633 nm,

however with the lowest overall intensity.

On this basis, the dose-effect of NaBr on SERS results was

further quantitatively evaluated, with the intention to gain

the highest signal enhancement. Here, different NaBr levels

within the range of 0.1e4mol/L was investigated. As shown in

Fig. 3, the variation tendency of signal intensities obtained by

532 and 633 nm lasers displayed high similarity. More spe-

cifically, increasing amounts of NaBr from 0.1 to 3 mol/L

benefited the intensification of SERS fingerprints, whereas a

sharp decrease was observed at 4 mol/L. However, the per-

formance of 633 nm laser was indeed better than that of

532 nm, evidenced by a superiorly stronger overall intensities

of SERS spectra. Hence, 633 nm laser and 3 mol/L NaBr was

selected for following experiments.

3.3. Method validation

Based on the aforementioned optimization, the potential of

SERS as a quantitative tool was assessed, using FLD as the

benchmark. As summarized in Table 1, it can be concluded

Fig. 1 e Separation results of Tyr standard and cheese samples (A) and corresponding densitogram by FLD at 380</400 nm.
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that these two detections each showed superiorities in

different aspects. Comparatively, SERS obviously offered bet-

ter sensitivity than that of FLD, but not competitively quan-

tifiable. However, such high sensitivity was not practically

attractive, since Tyr bands became invisible bellow 10 ng/

band. On the other hand, FLD gave satisfactory linearity

(0.9996) within the critical concentration range (20e120 ng/

zone), while the precision was less than 7%. This implied that

Fig. 2 e AgNPs mediated SERS responses of Tyr bands after derivatization at the presence of different salts, excited by 532

(A), 633 (B) and 785 (C) nm lasers, respectively.

Fig. 3 e Intensity variation profile of SERS fingerprints activated at different NaBr levels (mol/L), excited by 532 (A) and 633

(B) nm lasers, respectively.
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the joint use of SERS as confirmative and FLD as qualitative

tool, respectively, would facilitate the generation of more

concrete results of screening.

To get matrix-tolerance proof of the established method,

analysis was further carried out with cheese samples.

Though the targeted bands were separated in a straight line,

band assignment just according the Rf was however not

reliable. First, sample matrices of similar structures may

overlap within targeted bands. Besides, the migration of an-

alytemay shift at the presence of matrices, from our previous

experiences. Keeping these concerns in mind, the SERS

measurements were comparatively taken toward bands at

Table 1 e Comparison of the quantitative performances
by different detection methods.

Analytical parameters FLD SERS

380</400 nm 834 cm�1 1214 cm�1

LOD (S/N 3, ng/band) 9 1 1

LOQ (S/N 10, ng/band) 17 4 3

Linearity (R2)a 0.9996 0.9636 0.9452

Precision (%RSD)b 6.7 11.6 13.9

a Dynamitic linearity was monitored within the range 20e120 ng/

zone.
b The precision was determined with zones of Tyr at 20 ng/band,

n ¼ 5.

Fig. 4 e Molecule identification of SERS fingerprints of bands within-/out the window space for Tyr. Sample assignments:

Cheese sample 1 (A), 2 (B), 3 (C) and 4 (D).

Table 2 e Recovery rates of analyte spiked into different cheese matrix.a

Cheese samples Native level (mg/kg) Spiked (mg/kg) Found (mg/kg) Recovery rate (%)

C1 32.4 ± 1.5 30.0 59.1 ± 2.1 89.0

C2 22.5 ± 0.7 30.0 47.6 ± 2.5 83.7

C3 59.0 ± 1.5 20.0 80.3 ± 2.3 106.5

C4 43.5 ± 2.1 20.0 65.2 ± 1.5 108.5

Blank (water) 0 30.0 28.7 ± 0.8 95.7

a Values were calculated from triplicates.
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different migration distances. As presented in Fig. 4, the

fingerprint patterns of bands within the window space of

sample tracks agreed well with that of the reference stan-

dard, implying that these positive findings could be unam-

biguously assigned to Tyr. In contrast, bands outside the

window space displayed significantly different spectra pro-

file. After confirmation, the method accuracy was verified by

determining the recovery rates of standard spiking. As pre-

sented in Table 2, recovery rates were achieved within

83.7e108.5 %in all four investigated cheese samples, indi-

cating that influences from sample matrices to method

quantitation was not neglectable, but acceptable from a view

of screening purpose.

4. Conclusions

A facile HPTLC-FLD-SERSmethod tailored for screening Tyr in

cheese was established in this study. Steps of the method

including preparation, separation, qualification and quanti-

tation showed remarkable convenience and efficiency,

compared to their counterparts in HPLC-MSmethods. Besides,

it was noteworthy that the combination of substrates and

salts was not optional but essential for SERS detection on

HPTLC plates. Particularly, both the anion and cationmoieties

of a salt synergistically influenced the detectability of SERS. In

this case, the most sensitive and informative SERS finger-

prints of Tyr were resulted from jointly using AgNPs, 3 mol/L

NaBr and 633 nm excitation.

With the tightening of food safety regulations, imple-

mentation work in screening manner posed great challenges

to conventional techniques. The most important points in

such work were to rapidly obtain reliable identification and

quantitation of analyte in highly sophisticated matrix.

Therefore, the workflow proposed here may be a good

example for these tasks, striking an excellent balance be-

tween specificity, sensitivity and simplicity.
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