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15
Changes in emission of berberine cation, induced by non-covalent interactions 16
with lipids on silica gel plates, can be used for detecting and quantifying lipids 17
using fluorescence scanning densitometry in HPTLC analysis. This procedure, 18
referred to as Fluorescence Detection by Intensity Changes (FDIC) has been 19
used here in combination with Automated Multiple Development (HPTLC/AMD), 20
a gradient-based separation HPTLC technique, for separating, detecting and 21
quantifying lipids from different families.22
Three different HPTLC/AMD gradient schemes have been developed for 23
separating: neutral lipid families and steryl glucosides; different sphingolipids; 24
and sphingosine-sphinganine mixtures.25
Fluorescent molar responses of studied lipids, and differences in response 26
among different lipid families have been rationalized in the light of a previously 27
proposed model of FDIC response, which is based on ion-induced dipole 28
interactions between the fluorophore and the analyte. Likewise, computational 29
calculations using Molecular Mechanics have also been a complementary 30
useful tool to explain high FDIC responses of cholesteryl and steryl-derivatives, 31
and moderate responses of sphingolipids. An explanation for the high FDIC 32
response of cholesterol, whose limit of detection (LOD) is 5 ng, has been 33
proposed. Advantages and limitations of FDIC application have also been34
discussed.35

36
Keywords: Fluorescence detection; HPTLC; AMD; Lipids; Fluorescence 37
scanning densitometry; Sphingolipids38

39
1. Introduction40

41
A number of phenomena giving increases in fluorescence emission intensity 42
involving no apparent chemical reaction have long been in use as physical, non-43
destructive Thin-Layer Chromatography (TLC) detection methods. Thus, 44
increases in emission of fluorophores in the presence of a broad variety of 45
compounds have been extensively used through indirect detection in TLC, 46
either for detecting non-fluorescent lipophylic compounds [1-12] or for improving 47
sensitivity of the fluorophores themselves when they are the target analytes [13-48
22].49
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In previous papers it could be demonstrated that ionic fluorophores, e.g., 50
berberine or coralyne cations, have been useful for sensitively detecting and 51
quantifying by TLC chromophore-free molecules or compounds that have poor 52
absorption properties [23-26]. As an example, a TLC-method has been 53
developed for separating and determining saturated hydrocarbons in fossil-fuel 54
products by fluorescence scanning densitometry, through pre-or post-55
impregnation of silica gel plates using berberine or coralyne salts [27]. 56
Likewise, it has been shown that these cationic fluorophores give changes in 57
emission in the presence of virtually any compound [25,26]. They experience58
fluorescence increases in the presence of lipophylic compounds, and 59
fluorescence quenching in the case of molecules with high polarity.60
We studied the nature of this fluorescent emission as, for a long time, no 61
thorough explanation had been proposed for indirect fluorescent detection in 62
TLC. 63
Molecular simulation and analysis of molecular orbitals demonstrated that these 64
phenomena are governed by weak, non-covalent interactions [23-25]. Thus, 65
berberine or coralyne cations behave as a probe that experiences changes in 66
its emission (enhancement or quenching) in the presence of analytes through 67
the non-covalent interactions established in its microenvironment. 68
Computational results suggested that enhancements in fluorescent signal are 69
consequence of the interaction between the cationic fluorophore and the 70
hydrocarbon chain of analytes which isolates the fluorophore in an apolar 71
microenvironment. This protects it from polar nonradiative decays. A model was 72
proposed for this ion-induced dipole interaction, which accounted for 73
experimental results [23,24].74
These changes in emission used in silica gel medium are referred here as 75
FDIC, i.e. Fluorescence Detection by Intensity Changes, as a general detection 76
procedure for Thin-Layer Chromatography.77
Previous works pointed out that lipids can also be detected using berberine and 78
coralyne-FDIC [23,26]. The aim of this work is to develop original HPTLC-based 79
methods for separating lipids, using FDIC for detection. FDIC is used here in 80
combination with different Automated Multiple Development (HPTLC/AMD) 81
strategies for separating lipids of interest: a) neutral lipid families and steryl-82
glycosides; b) different sphingolipids which are directly involved in the diagnosis 83
of human diseases resulting from abnormal accumulations of membrane lipids 84
related with human diseases [28]; and c) mixtures of sphingosine and 85
sphinganine, whose ratio is considered as a biomarker to evaluate exposure to 86
toxic fumonisins [29]. 87
An in-depth study of FDIC response of saturated and unsaturated lipids 88
belonging to mentioned lipid families has been intended in this work. 89
Fluorescent molar responses of lipids and difference in response among 90
different lipid families have been rationalized in the light of the previously 91
proposed model and also using Molecular Mechanics-based computational 92
calculations. Finally, advantages and limitations of FDIC application are 93
discussed.94

95
2. Experimental96

97
2.1. Fluorophores. 98

99
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Berberine sulfate (>95+%; CAS number: 633-66-9) was from Sigma-Aldrich, 100
Steinheim, Germany). Its chemical structure is depicted in Figure 1 (1).101

102
2.2. Standards and mixtures. 103

104
The following standards were purchased from Sigma-Aldrich, Inc. Saint Louis, 105
USA, unless otherwise stated. Structures of steryl glycosides and sphingolipids 106
standards and their corresponding names are given in Figure 1. Bold numbers 107
in text refer to corresponding structures in Figure 1.108

109
- neutral lipids and steryl glycosides: cholesteryl oleate (C18:1, cis-9; 98%; 110
[303-43-5] CAS); oleic acid methyl ester (C18:1, cis-9; ≥ 99%; [112-62-9] CAS); 111
cholesterol (≥ 99%; [57-88-5] CAS; glyceryl tristearate (99%; [555-43-1] CAS); 112
1,3-distearoyl-rac-glycerol, (≥ 99 %; [504-40-5] CAS); stearic acid (C18:0); oleic 113
acid (C18:1, cis-9; ≥ 99% [9000-69-5] CAS; palmitic acid (C16:0; ≥ 99% ; [57-114
10-3] CAS); linoleic acid (C18:2, cis-9, cis-12; ≥ 99%; [60-33-3] CAS); 1-oleoyl-115
rac-glycerol (99%; [111-03-5] CAS); 1-stearoyl-rac-glycerol (≥ 99%; [123-94-4] 116
CAS); 2, steryl glycosides (98+% ; from Matreya, PA, USA); 3, esterified 117
(palmitoyl) steryl glycosides (98+% ; from Matreya, PA, USA)  118

119
- sphingolipids: 4, ceramide, with mostly non-hydroxy acyl groups (stearoyl, 120
98+%; [2304-81-6] CAS from Matreya); 5, glycosyl ceramide (98%); 6, lactosyl 121
ceramide (98+%; [4682-48-8] CAS from Matreya); 7, ceramide trihexosides 122
(CHT; 98+%; [71965-57-6] CAS from Matreya); 8, D-sphingosine (99%; [123-123
78-4] CAS); 9, DL-erythro-dihydrosphingosine (sphinganine) (> 99% ; [3102-56-124
5] CAS ; from Fluka, Stenheim, Germany); 10, sphingomyelin (≥ 97%;[85187-125
10-6] CAS)126

127
2.3. Planar Chromatography experiments. 128

129
2.3.1. Plates. 130

131
High-performance silica gel HPTLC plates, on glass, 10 x 20 cm; 3-10 µm 132
particle size; 60 Å pore size; 0.2 mm thick layer), from Merck (Darmstadt, 133
Germany) were used. Before using, plates were developed (9 cm) with 134
tetrahydrofuran (THF). In the case of sphingolipid analysis, a second 135
development (9 cm) with methanol (MeOH) was performed.136

137
2.3.2. Sample application. 138

139
Samples were dissolved in a 1:1 v/v mixture of HPLC-grade dichloromethane 140
(DCM, 99.5 %) and methanol (MeOH, 99.9 %), both from Scharlau, Barcelona, 141
Spain). They were applied using the Automatic TLC Sampler 4 (Camag, 142
Muttenz, Switzerland), as 4 mm bands. Typically, up to 28 samples were 143
applied on the same plate with a distance of  2.5 mm between tracks. Two 144
tracks were always kept free of application, as blank runs.145
The first application position was 20 mm (x coordinate), and the distance from 146
lower edge of plate was 10 mm (y coordinate)  147
Typical application volumes were between 0.1 and 1 μL, and concentrations 148
range from 1 to 4 mg mL-1. 149
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150
2.3.3. Chromatographic development.151

152
An Automatic Multiple Development (AMD2) system (Camag, Muttenz, 153
Switzerland) was used. This equipment operates as follows: before introduction 154
into a vacuum-tight chamber, the mobile phase for each development is 155
automatically prepared by mixing appropriate portions from up to five different 156
solvents. Chromatography is monitored, and the run stops when the selected 157
developing distance is reached. The remaining solvent is withdrawn from the 158
chamber by vacuum, and the plate is completely dried. While vacuum is 159
released the plate can be preconditioned via the gas phase, leaving the system 160
ready for the next development step. 161
An HPTLC/AMD run is defined by four parameters: number of steps; distance 162
per step (mm step-1) gradient (initial mobile phase composition: final mobile 163
phase composition; or mobile phase composition of each step); and total 164
developing distance (in mm). Operating conditions for mixtures were: 165
- for neutral lipids and steryl glucosides: see Table 1 for conditions. HPLC-grade 166
tert-butyl methyl ether (99.9%), n-heptane (99%), and MeOH  were purchased 167
from Panreac (Barcelona, Spain) and Scharlau (Barcelona, Spain), respectively 168
- for sphingolipids: a linear gradient of MeOH-DCM, from 80:20 to 0:100, v:v, in 169
17 steps (3 mm step-1), over 76 mm total developing distance170
- for mixtures of sphingosine and sphinganine: MeOH-DCM, from 70:30 to 171
60:40, v:v, in 24 steps (12 steps at 70:30 and 12 steps at 60:40; 2 mm step-1), 172
over 65 mm total developing distance173

174
2.3.4. UV and Fluorescence Scanning densitometry.175

176
A TLC Scanner 3 (Camag, Mttenz, Switzerland) was used in UV and 177
fluorescence modes. The plates were post-impregnated by dipping using a 178
Camag Chromatogram Immersion Device III. Impregnation was carried out 179
using solutions of berberine cation in MeOH (60-240 mg L-1). Excitation 180
wavelength was 365 nm. Emission was collected at wavelengths longer than 181
400 nm.182

183
2.4. Computational studies.184

185
Geometries of complexes formed by berberine cation and some lipids have 186
been optimized by Molecular mechanics (MM) calculations. They were carried 187
out with the OPLS_2005 force field as implemented in the MacroModel package188
[30], which is integrated through the Maestro v 9.0 graphical interface 189
(Schrödinger 2009 suite for molecular model, Schrödinger, New York). 190
Given the size of the structures, the optimal conformations were located using 191
Monte Carlo simulations. Since FDIC also occurs in solution, silica-berberine or 192
silica-lipid interactions were not included at this stage of our computational 193
analysis.194

195
3. RESULTS196

197
3.1. Separation and detection of neutral lipids and steryl glucosides198

199
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HPTLC/AMD is a gradient elution technique for Thin-Layer Cromatography in 200
which successive runs are performed with decreasing solvent strength and 201
increasing developing distance [31]. HPTLC/AMD, under the conditions 202
reported in Table 1, has been a useful tool for separating the main families of 203
neutral lipids and steryl glycosides. 204
Figure 2 shows FDIC-berberine (120 mg L-1, λexc=365 nm) and UV (at 190 nm) 205
HPTLC chromatograms resulting of separation of lipids. They include 206
representatives of different classes of neutral lipids: cholesteryl and fatty acid 207
methyl esters, cholesterol, triglycerides, diglycerides, fatty acids, 208
monoglycerides, esterified steryl glycosides, and steryl gluycosides, which are 209
cited in order of decreasing migration distance under the chosen HPTLC/AMD 210
conditions. 211
In Figure 2A, it can be observed that FDIC-berberine allows the detection of 212
saturated fatty acids, mono-, di, and triglycerides to be carried out. Saturated 213
lipids cannot be detected by UV (see Figure 2B). All studied neutral lipids and 214
steryl-glycosides have been detected by FDIC. 215
Figure 2 includes peaks corresponding to individual applications of standards216
under the described HPTLC/AMD conditions. This illustrates the different FDIC 217
responses for different saturated lipids of a given family, and differences in 218
detection between FDIC and UV.219
Separation of these lipid families has also been carried out from mixtures of 220
these lipids. In HPTLC/AMD runs, the distance that a given compound migrates 221
before stopping is largely independent of the sample matrix and repeatability of 222
migration distances has been ± 0.45 mm.223
As shown in the calibration curves depicted in Figure 3A, FDIC-response for 224
cholesterol is much higher than UV response. FDIC-berberine allows 225
cholesterol to be detected with high sensitivity, with a limit of detection (LOD) of 226
0.005 μg as reported in Table 2. Figure 3B shows a detail of calibration curve at 227
low cholesterol loads. 228
In addition to cholesterol, LOD of several lipids, obtained from both UV and 229
FDIC-berberine, are also given in Table 2. Values have been obtained 230
considering a signal-to-noise ratio equal or higher than 3.231
LOD of cholesterol, steryl gluycoside and unsaturated monoglycerides obtained 232
using UV are in the range 0.10-0.15 μg (as effective mass applied). Saturated 233
monoglycerides are not detected by UV.234
LOD values obtained from FDIC-berberine detection can be classified in three 235
ranges: those of the unsaturated monoglycerides are between 0.10-0.15 μg, a 236
limit of detection similar to that obtained in the UV case; those of saturated 237
monoglycerides are 0.05 μg; and those of cholesterol and steryl glycoside are 238
0.005 μg.239
Figure 4 shows the corresponding berberine-FDIC calibration curves for these 240
lipids. Table 3 shows the analytical responses (Area mass-1), molar responses 241
(Area mol-1), and polarizabilities (α, in Å3) of several cholesterol derivatives and 242
monoglycerides. Polarizability measures the ease with which the electron cloud 243
of a molecular entity is distorted by an electric field, such as that created owing244
to the proximity of a charged reagent. It is experimentally measured as the ratio 245
of induced dipole moment (μind) to the field E that induces it (α= μind / E)246
Responses reported in Table 3 have been obtained from the same sample load 247
(0.1 μg), which is in the linear range for the studied compounds.248
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Studied cholesteryl- and steryl (2,3)-derivatives share the same hydrocarbon 249
ring although have a 8 and 10 C atom-hydrocarbon tails, respectively. These 250
compounds and pure cholesterol have the highest FDIC responses among the 251
molecules studied in this work. Their responses are higher than those of252
previously studied n-alkanes. It was previously reported that long-chain alkanes 253
have a sensitive FDIC response. Cholesterol gives a higher FDIC response (6.4 254
Area mol-1 units) than, for example, n-octadecane (1.2 Area mol-1 units) 255
although the latter has one carbon atom more (28 vs 27).256
Concerning cholesteryl and steryl-derivatives, analytical FDIC responses, 257
expressed as Area mass-1, are higher for cholesterol and cholesteryl oleate 258
than for steryl glycosides. However, molar responses rather than analytical 259
ones should be considered to understand the mechanism of FDIC response.260
Molar response of these derivatives decreases in the order: cholesteryl oleate > 261
esterified steryl glycoside > cholesterol > steryl glycoside.262
Monoglycerides have lower FDIC responses than cholesteryl and steryl 263
derivatives. Responses for monoglycerides are in the order: C18:0 > C18:1 ~264
C16:0 > C16:1. 265
Relationships between lipid structure and properties, and FDIC response are 266
discussed below.267

268
3.2. Separation and detection of sphingolipids269

270
Figure 5 shows the corresponding UV and berberine-FDIC chromatograms of 271
an HPTLC/AMD separation of sphingolipids. Separation of sphingomyelin (a), 272
sphingosine (b), CTH (c), lactosyl ceramide (d), glycosyl ceramide (e), and 273
ceramide (f) has been carried out using a 17-step, universal gradient scheme 274
(MeOH-DCM, from 80:20 to 0:100) as described in Experimental (section 2.3.3).275
These conditions have been applied to individual standards and standard 276
mixtures. Application to test its general performance regarding real samples 277
(e.g., urine) is in progress.278
Separation on silica gel plates has been carried out according lipid polarity. 279
Under the conditions used, ceramides containing different number and nature of 280
sugar units have been separated: CTH (3 units), lactosyl ceramide (2 units) and 281
glycosyl ceramide (1 unit).282
Figure 5 shows that FDIC-berberine also provides positive peaks for 283
sphingolipids under the studied berberine concentrations although responses 284
are lower than in the case of neutral lipids. In general, FDIC for polar lipids 285
seems to be less sensitive than for apolar ones. Figure 5 shows, for 286
comparative purposes, the chromatographic peak of cholesterol together with 287
those of sphingolipids for the same sample load.288
It has been reported [25] that highly polar compounds produce loss in FDIC 289
signal and even a fluorescent quenching with regard to the baseline. Response 290
loss for polar lipids is particularly remarkable in our case for CHT with regard to 291
ceramide. 292
As in the case of saturated neutral lipids, non-absorbing sphingolipids can also 293
be detected by FDIC. An example of this is presented in Figure 6 where UV and 294
FDIC-berberine chromatograms of a mixture containing sphingosine (8) and 295
sphinganine (9) are presented. 296
In sphingolipid-related samples, sphingosine is usually accompanied by 297
sphinganine which only differs from it by the absence of the only double bond in 298
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its structure. Therefore sphinganine is not detected by UV under HPTLC 299
detection conditions but it is using FDIC-berberine.300
Despite their structural similarity, these compounds migrate with different speed 301
and hence the mixture has been separated on silica gel plates under the 302
HPTLC/AMD conditions described in Figure 6, i.e. using a MeOH-DCM gradient 303
from 70:30 to 60:40, v:v, in 24 steps (2 mm step-1), over 65 mm total developing 304
distance (see Experimental, section 2.3.3).305
There exist other pairs of lipids that, although having a similar structural analogy 306
to that of sphingolipids mentioned, i.e., a polar head and a double bond, 307
however show no differences in their migration on silica gel and hence cannot 308
be separated (e.g., oleic and stearic acid). However in the case of sphingosine 309
and sphinganine, the observed differences in migration may be due to 310
conjugation of the double bond with the lipid polar head. These differences are 311
evidenced under the used AMD gradient conditions and the effect of successive 312
focalization steps. 313

314
4. DISCUSSION315

316
4.1. General explanation of increases in emission of berberine cation in the 317
presence of lipids318

319
It was proposed in previous papers that non-specific, electrostatic interactions 320
between ionic fluorophores and polarizable hydrocarbon chain of analytes are 321
responsible of emission increases.322
In this way, electrostatic interactions between probe and the corresponding 323
hydrocarbon chain of the lipid contribute to the efficiency of the fluorescence 324
emission, creating a microenvironment that isolates the fluorescent probe and 325
prevents non-fluorescent decay mechanisms, decreasing the value of the 326
nonradiative decay rate knr in quantum yield equation327

328
Φ = kr/(kr+ knr)329

where kr is the emissive rate of the fluorophore and knr stands for the grouped 330
rate constants of all possible non-radiative decay processes.331
At a given concentration, the intensity enhancement of fluorescence is linearly 332

dependent on of the neutral molecule surrounding the probe [23-26].333
On the other hand, if the analyte may establish specific donor-acceptor 334
interactions with the fluorophore, a decrease of emission or even a quenching 335
may occur [23-26]. 336
In general, lipids have high values of  and therefore give sensitive FDIC 337
responses. Electrostatic interactions were also evidenced by analysis of 338
molecular orbitals and Molecular mechanics [23]. 339

340
4.2. FDIC responses of neutral lipids and steryl glycosides341

342
For a given family of lipids, the longer and more polarizable the aliphatic chain 343
in the analyte, the larger the electrostatic interaction with cationic fluorophore, 344
the larger the protective effect, and therefore the higher the fluorescent 345
response. As an example, this can be observed for monoglycerides in Table 3.346
In the case of saturated monoglycerides,  and FDIC response of C18:0 are347
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higher than those of C16:0. The same for unsaturated C18:1 and C16:1 348
monoglycerides. On the other hand, saturated monoglycerides give higher 349
responses than unsaturated ones.350
Within neutral lipids, cholesteryl and steryl-derivatives give the highest 351
responses among the studied compounds.352
We optimized at MM level of theory (OPLS_2005 force field, vide supra) the 353
geometries of the complexes formed by berberine and cholesteryl oleate, steryl 354
glycoside and esterified steryl glycoside. The most stable, energetically most 355
favourable geometries found after intensive conformational search (vide supra) 356
are shown in Figure 7.357
Results show a considerable conformational rigidity of berberine, thus indicating 358
that the response for the different derivatives of a given family must not be due 359
to significant changes in the berberine geometry on passing from one 360
compound to another. Likewise, the studied compounds adopt an extended 361
conformation along the main axis of the berberine molecule in order to 362
maximize the ion-molecule interaction. 363
The averaged complexation energies of lipid-berberine complexes (ΔE values 364
of approx -50 kcal mol-1) are larger than in the case of previously studied n-365
alkanes (approx -10 kcal mol-1, [23]), and provide a consistent apolar 366
environment to the berberine molecule.367
Figure 7 shows that the positively charged N atom of berberine interacts with368
the highly polarizable hydrocarbon chains. As previously mentioned, these 369
chains protect the cation from other polar decays pathways and, as a result of 370
this interaction, knr decreases. This protective effect gives an increase of the 371
quantum yield. 372
Figure 7 shows how the two hydrocarbon chains of these compounds are 373
arranged to maximize the interaction with berberine nitrogen. In the case of 374
cholesteryl oleate, this spatial arrangement is particularly favourable because it 375
allows the interaction of berberine simultaneously with both hydrocarbon chains, 376
protecting berberine cation from polar decays. Moreover, cholesteryl oleate and 377
esterified steryl glycoside have the highest values of . They give the highest 378
increases of emission per mol. These reasons explain the comparative higher 379
responses of cholesteryl and steryl-derivatives with regard to those of other 380
neutral lipids.381
The order in FDIC molar response of these compounds can be justified as 382
follows: the introduction of a long hydrocarbon chain (in cholesteryl oleate and 383
esterified steryl glycoside) induces a higher molar response of both compounds 384
with regard to pure cholesterol. In the case of the esterified compound, the 385
increase in emission due to the acyl group (palmitoyl) compensates the 386
corresponding decrease produced by its glycosyl unit.387
On the other hand, the glycosyl unit of steryl glycoside produces a decrease in 388
its emission with regard to pure cholesterol. In this case, the difference in two C 389
atoms does not compensate the decrease in emission produced by the sugar 390
unit. Finally, the case of cholesterol will be studied in detail in section 4.4391

392
4.3. FDIC responses of sphingolipids393

394
In the case of sphingolipids and other polar lipids containing long hydrocarbon 395
chains but also highly polar groups, we should also take into account that 396
specific donor-acceptor interactions result in the well-known phenomenon of 397
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fluorescence quenching or in a decrease in emission. Sphingolipids do not 398
show a net quenching in the case of using berberine, but a decrease in 399
fluorescence intensity is obtained with regard to the emission produced by 400
neutral lipids. Likewise, as shown in Figure 5, response of sphingolipids 401
decrease according to the number of sugar units, giving CHT (with three 402
glycosyl units) gives a weak fluorescent signal under the reported conditions403
(200 mg L-1 berberine). 404
Computational results are also compatible with the lower FDIC responses for 405
sphingolipids with regard to those of neutral lipids. Sphingolipids were 406
computed in a previous work [23] using a similar computational procedure by 407
means of the AMBER force field. The conclusion was that interaction takes 408
place between the positively charged nitrogen atom of berberine and the polar 409
hydroxy groups in the ceramide moiety, which leads to an increase in knr and 410
therefore, a decrease in the quantum yield. However, due to the high values of 411
 and the presence of long hydrocarbon chains the resulting intensity is not a 412
net quenching but a decrease of emission with regard to neutral lipids.413

414
4.4. The case of cholesterol415

416
Apparently, the high FDIC response of cholesterol is not completely justified by 417
its physical and interaction properties. Even though its relatively high  could 418
justify a sensitive fluorescent signal, its FDIC response is substantially higher 419
than that corresponding to other compounds with similar values of , for 420
example, n-octacosane. One would expect even greater FDIC response of n-421
octacosane since this compound is not able to establish specific interactions 422
with berberine, and therefore cannot produce an increase of knr (decrease of 423
signal) in this way. On the contrary, cholesterol molecule has a hydroxyl group 424
in its structure. One may think that hydroxyl, in its interaction with berberine 425
cation, could lead to an increase of knr via a donor-acceptor interaction and, 426
therefore, a decrease of FDIC signal with regard to n-octacosane. The 427
experimental fact is that cholesterol has a greater response than octacosane.428
Explanation for this higher-than-expected response may be the formation of 429
cholesterol associated units, through hydrogen bonding. Auto-association of 430
cholesterol to form these units has been reported in protic and non-protic 431
solvents [32,33]. Table 4 shows different properties of linear and cyclic 432
cholesterol dimers, trimer, tetramers and hexamer, which were obtained by433
other authors  [33] using molecular modelling (MM+ and AM1 force fields).434
According to the data in Table 4, formation of cholesterol oligomers is, in 435
general, energetically favoured (negative energy interaction).436
Given the above, the FDIC response of cholesterol, higher than expected, could 437
be explained by the following reasons:438
- Whether associated units are formed, OH groups would be interacting with 439
each other, not with the fluorophore (decrease in knr)440
-  increases with the number of units, as shown in Table 4. Associated 441
cholesterols have high  values and therefore must give a stronger electrostatic 442
interaction with berberine cation than the corresponding “monomeric”443
cholesterol. This increase in  would have the effect of protecting berberine 444
from polar decays (knr decrease).445
This picture is coherent with a previous description of this phenomenon and the 446
previous results obtained [23, 34]. As the corresponding molecule and the 447
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fluorophore are supposed to be at a short distance, a bigger molecule may 448
interact with several molecules of the fluorophore at the same time. In the end, 449
we have an approximately constant response per mole of monomer unit. 450

451
4.5. Advantages and limitations of FDIC452

453
Although FDIC also occurs in liquid media, the rigid environment provided by 454
silica gel plate favours the direct interaction of the analyte with the fluorophore. 455
It is to be remembered that elution solvent is removed in TLC silica gel 456
experiments. In the case of an alkane and berberine cation, the stoechiometry 457
of direct interaction is 1:1 [23].458
FDIC is not restricted to berberine or coralyne cations but variations in 459
fluorescent emission of a probe in the presence of other molecules is a general 460
phenomenon for ionic fluorophores [26]. According to the model developed, it 461
also seems general for all types of analytes. It is particularly useful for detecting 462
molecules that do not absorb, or do it poorly, in UV-Vis. Sensitivity for detecting 463
polar molecules is lower and, depending on the particular fluorophore-analyte 464
system, they may be detected  through fluorescent quenching.465
FDIC can be used by pre- or post-impregnation in combination with 466
development techniques of separation (e.g., HPTLC/AMD) for quantitative 467
analysis of lipids and other compounds with a partially aliphatic structure.468
Most of chemical derivatization procedures are usually applied under fixed 469
conditions. In these cases, either the stoichiometry of reaction is not well 470
understood, or it is difficult to modify reaction conditions to obtain a response 471
that is optimized for the detection of analyte. Likewise, heating is usually 472
necessary to complete the corresponding chemical reaction, e.g. complexation, 473
oxidation, thermal aromatization. However, FDIC is not a derivatization as it 474
does not involve any chemical reaction but merely weak, non-covalent 475
interactions between the fluorophore and the analyte on silica gel. 476
Operationally, no heating is required but simply a pre or postimpregnation of the 477
plate, by dipping. Likewise, detection sensitivity can be easily modulated by 478
simply changing the fluorophore concentration.479
A mechanism of fluorescence induction for FDIC has been proposed, which 480
reasonably explains the experimental data. Likewise, computational calculations 481
of fluorophore-analyte geometries are a useful tool to understand fluorescent 482
responses and to efficiently design original analyte-fluorophore detection 483
systems based on this technique, as well as to explain other indirect 484
fluorescence-related phenomena previously reported in the literature.  485
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Captions for figures563
564

Figure 1.- Chemical structures of berberine cation (1) and lipids (2-10; see bold565
numbers in text)566

567
Figure 2.- FDIC-berberine (A) and UV (B) HPTLC chromatograms of: steryl 568
glycosides (a), esterified steryl glycosides ( b), 1-oleoyl-rac-glycerol (c), 1-569
stearoyl-rac-glycerol (d), linoleic acid (e), oleic acid (f), palmitic acid (g), stearic 570
acid (h), cholesterol (i), disteroyl-rac-glycerol (k), glyceryl tristearate (m), 571
cholesteryl oleate (n), methyl oleate (o). Sample load of each: 3 μg572
Application point at 10 nm; AMD conditions in Table 1; UV at 190 nm; FDIC-573
berberine (120 mg L-1) at λexc=365 nm; λem>450 nm574

575
Figure 3.- (A) UV (∆) and FDIC-berberine (о) calibration curves for cholesterol. 576
(B) Detail of the 0.0-0.1 μg zone of FDIC-berberine curve (r2=0.9986).577
Conditions as in Figure 2.578

579
Figure 4.- FDIC-berberine calibration curves for cholesterol (о), 1-oleoyl-rac-580
glycerol (◊), 1-stearoyl-rac-glycerol (∆), 1-palmitoyl-rac-glycerol (□), 1-581
palmitoleoyl-rac-glycerol (x). Detail of the 0.0-0.5 μg zone of calibration curves582
(r2=0.998). Conditions as in Figure 2.583

584
Figure 5.- FDIC-berberine (A) and UV (B) HPTLC chromatograms of: 585
sphingomyelin (a), D-sphingosine (b), CHT (c), lactosyl ceramide (d), glycosyl 586
ceramide (e), ceramide (f), cholesterol (g). Sample load of each: 1.7 μg)587
See AMD conditions in Experimental. FDIC-berberine (200 mg L-1). All other 588
conditions are as in Figure 2.589

590
Figure 6.- FDIC-berberine (A) and UV (B)-HPTLC chromatograms of a mixture 591
containing: sphinganine (a), 6,96 µg, and sphingosine (b),13,84 µg. See AMD 592
conditions in Experimental. All other conditions are as in Figure 2.593

594
Figure 7.- Lowest energy conformations (see text) of the complexes between 595
berberine and (A), esterified steryl glucoside; (B), steryl glycoside; (C), 596
cholesteryl oleate, computed using OPLC_2005 force field-based MacroModel 597
application. (Yellow: berberine cation; blue: N atom; red: O atoms; grey: C 598
atoms; white: H atoms)599
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