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Abstract 14 

During this study, Fourier transform infrared spectroscopy (FT-IR), near infrared 15 

spectroscopy (NIR) and Raman spectroscopy were applied to 55 samples of counterfeit and 16 

imitations of Viagra
®

 and 39 samples of counterfeit and imitations of Cialis
®

. The aim of the 17 

study was to investigate which of these techniques and associations of them were the best for 18 

discriminating genuine from counterfeit and imitation samples. Only the regions between 19 

1800-400 cm
-1

 and 7000-4000 cm
-1

 were used for FT-IR and NIR spectroscopy respectively. 20 

Partial Least Square analysis has been used to allow the detection of counterfeit and imitation 21 

tablets. It is shown that for the Viagra
®

 samples, the best results were provided by a 22 

combination of FT-IR and NIR spectroscopy. On the other hand, the best results for the 23 

Cialis
®

 samples were provided by the combination of NIR and Raman spectroscopy (1400-24 

1190 cm
-1

). These techniques permitted a clear discrimination between genuine and 25 

counterfeit or imitation samples but also the distinction of clusters among illegal samples. 26 

This might be interesting for forensic investigations by authorities. 27 

 28 
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Introduction 35 

 36 

Counterfeit medicines are more and more present since the last decade. This is mostly due to 37 

the extension of the internet and the apparition of numerous fraudulent websites where 38 

anyone can easily and anonymously buy prescription only medicines [1,2]. In developed 39 

countries, the most popular counterfeit drugs are lifestyle medicines like the 40 

phosphodiesterase type 5 (PDE-5) inhibitor drugs: sildenafil citrate (Viagra
®

), tadalafil 41 

(Cialis
®

) and more recently vardenafil hydrochloride (Levitra
®

) [3].  42 

 43 

The internationally recognized definition of a counterfeit medicine is the one of the World 44 

Health Organization (WHO) [4]: 45 

“A counterfeit medicine is one which is deliberately and fraudulently mislabelled with 46 

respect to identity and/or source. Counterfeiting can apply to both branded and generic 47 

products and counterfeit products may include products with the correct ingredients or 48 

with the wrong ingredients, without active ingredients, with insufficient active 49 

ingredient or with fake packaging.” 50 

However, the most encountered illegal drugs in Belgium do not exactly correspond to this 51 

definition because most of them do not copy the packaging and brand names of the genuine 52 

products. This is why the classification proposed by the Dutch National Institute for Public 53 

Health and the Environment (RIVM) [3] was applied. They make the distinction between 54 

counterfeits, which appearance is in conformity with genuine medicines and imitations which 55 

do not look like genuine (table1). In fact these imitations come in most cases from Asia 56 

(mainly India and China) where they do not recognize European and American patent laws. 57 

So they are legally manufactured in those countries but illegally imported in Europe. 58 

 59 

Several techniques have been used for the analysis of erectile dysfunction drugs [5]. Among 60 

these, colorimetry [6,7], TLC [8], NMR (
1
H, 

13
C, 

15
N) [9], NMR (

1
H, 

2
D DOSY 

1
H) [10], 61 

HPLC-UV [11], LC-ESI-MS-MS [12], extracted ion LC–MS/TOF [13], LC-DAD-CD [14]. 62 

For the specific detection of counterfeit drugs, spectroscopic techniques are preferred because 63 

they are fast and need only a little sample preparation or no preparation at all. Raman 64 

spectroscopy has been used to detect counterfeit Viagra
®

 by de Veij et al. [15], counterfeit 65 

Cialis
®

 by Trefi et al. [10] Roggo et al. [16] used Raman spectroscopy for the identification of 66 

pharmaceutical tablets and Vajna et al. [17] used Raman spectroscopy for the identification of 67 

different manufacturing technologies. Vredenbregt et al. [8] used the near infrared (NIR) 68 



spectroscopy to check the homogeneity of a batch of genuine Viagra
®

 and to screen for the 69 

presence of sildenafil citrate. Storme-Paris et al. [18] and Chong et al. [19] also used the NIR 70 

spectroscopy for the detection of counterfeit drugs and the identification of antibiotics 71 

respectively. A comparison of NIR and Raman spectroscopy for the detection of counterfeit 72 

Lipitor
®

 has been realised by de Peinder et al. [20]. It has been demonstrated that NIR-73 

Chemical imaging was able to detect counterfeit medicines [21, 22, 23]. Finally, Maurin et al. 74 

[24] permitted the prediction of the presence of sildenafil citrate and/or particular excipients 75 

in counterfeit Viagra
®

 by the mean of X-ray powder diffraction (XRD). 76 

 77 

In this study, 55 counterfeit and imitations of Viagra
®

, 9 genuine Viagra
®

, 39 counterfeit and 78 

imitations of Cialis
®

 and 4 genuine Cialis
®

 were analysed by Raman-, NIR- and FT-IR-79 

spectroscopy. It has been investigated which technique or combination of these techniques 80 

was the best to (1) detect counterfeit Viagra
®

 and counterfeit Cialis
®

 and (2) to make clusters 81 

in illegal medicines which can be useful for forensic investigations by authorities.  82 

 83 

1. Experimental 84 

 85 

1.1. Samples 86 

The counterfeit and imitation tablets of Viagra
®

 and Cialis
®

 were donated by the Federal 87 

Agency for Medicines and Health Products in Belgium (AFMPS/FAGG). They all come from 88 

postal packs ordered by individuals via internet sites. All samples were delivered in blisters or 89 

closed jars with or without packaging. All samples, once received, were stored at ambient 90 

temperature and protected from light. The samples have been divided in groups according to 91 

their visual aspect. Table 2 and 3 shows the groups of Viagra
®

-like and Cialis
®

-like samples 92 

respectively. 93 

 94 

Pfizer SA/NV (Belgium) kindly provided one batch of each different dosage of Viagra
®

 95 

(25mg, 50mg, 100mg). Two other batches of each dosage were purchased in a local pharmacy 96 

in Belgium.  97 

Eli Lilly SA/NV (Benelux) kindly provided one batch of commercial packaging of Cialis
®

 98 

(10mg and 20mg). Two other batches of Cialis
®

 20mg were purchased in a local pharmacy in 99 

Belgium.  100 

 101 



All references were delivered in closed blisters with packaging and were stored protected 102 

from light at ambient temperature. 103 

 104 

1.2. Instrumental 105 

1.2.1. Raman spectroscopy  106 

A RamanRxn1 spectrometer (Kaiser Optical Systems, Ann Arbor, MI, USA), equipped with 107 

an air-cooled charge coupled device (CCD) detector (back-illuminated deep depletion design) 108 

was used in combination with a fiber-optic non-contact probe to collect Raman spectra from 109 

the core of the tablets. The laser wavelength during the experiments was the 785 nm line from 110 

a 785 nm Invictus NIR diode laser. All spectra were recorded in the range of 0-3500cm
-1

 with 111 

a resolution of 4 cm
-1

 using a laser power of 400 mW. Data collection, data transfer, and data 112 

analysis were automated using the HoloGRAMS
TM 

(Kaiser Optical Systems, USA, version 113 

2.3.5) data collection software, the HoloREACT
TM

 (Kaiser Optical Systems, USA, version 114 

2.3.5) reaction analysis and profiling software, the Matlab software (The Matworks, Natick, 115 

MA, USA, version 7.7), and the Grams/AI-PLSplusIQ software (Thermo Fisher Scientific, 116 

Waltham, MA, USA, version 7.02). Ten second exposures were used for spectral acquisition. 117 

Spectra were collected at 3 locations per tablet. Spectra were preprocessed by baseline 118 

correction (Pearson’s method, [25]), mean centered and averaged before data-analysis.  119 

 120 

1.2.2. NIR spectroscopy 121 

Diffuse reflectance NIR spectra were collected per tablet using a Fourier-Transform NIR 122 

spectrometer (Thermo Fisher Scientific, Nicolet Antaris II near-IR analyzer) equipped with an 123 

InGaAS detector, a quartz halogen lamp and an integrating sphere, which was used for NIR 124 

spectra collection from the tablets. Data analysis was done using Thermo Fisher Scientific’s 125 

Result software, SIMCA-P (Umetrics AB, Kinnelon, NJ, USA, version 11) and Matlab (The 126 

Matworks, Natick, MA, USA, version 7.7). Each spectrum was collected in the 10000 – 4000 127 

cm
-1

 region with a resolution of 16 cm
-1

 and averaged over 16 scans. All spectra were 128 

preprocessed using standard normal variate transformation (SNV) and mean centered before 129 

data-analysis. Each spectrum was performed on the core of the tablet. 130 

 131 

1.2.3. FT-IR spectroscopy 132 

A Spectrum 1000 (Perkin Elmer, Waltham, MA, USA) FT-IR spectrometer with a DTGS 133 

detector was used. All spectra were recorded from the accumulation of 16 scans in 4000-400 134 

cm
-1

 range with a 4 cm
-1

 resolution. Samples were prepared by compressing a 0.3% mixture 135 



of pulverised tablet with spectral grade KBr (Merck, Germany). Three spectra of each sample 136 

were obtained, normalized and averaged.  137 

Once recorded, the spectra were normalized with the Spectrum software (Perkin Elmer, 138 

Waltham, MA, USA, version 5.0.1.). 139 

 140 

1.3. Chemometrics 141 

1.3.1. PCA 142 

PCA is a variable reduction technique, which reduces the number of variables by making 143 

linear combinations of the original variables. These combinations are called the principal 144 

components and are defined in such way that they explain the highest (remaining) variability 145 

in the data and are by definition orthogonal.  146 

The importance of the original variables in the definition of a principal component is 147 

represented by its loading and the projections of the objects on to the principal components 148 

are called the scores of the objects. [26] In this investigation, it was decided to conduct the 149 

research only on the three first PC’s, since in all cases more than 95% of the variation in the 150 

data was explained by them. 151 

 152 

1.3.2. PLS 153 

PLS is based on exactly the same principles as PCA. The difference is situated in the 154 

definition of the latent variables, here called PLS-factors. The PLS-factors, also linear 155 

combinations of the original explanatory variables in the data set, are defined in such a way 156 

that they maximize the covariance with the response variable. In this way latent variables are 157 

obtained that are more directly related to the response variable than, for example, those 158 

obtained in PCA. In this study, a discrete response variable was chosen (0 for illegal samples 159 

and 1 for genuine samples). This is justified since the genuinity of the reference samples is 160 

certified. 161 

The scores of the objects on the different PLS-factors were used in this study as tool to 162 

distinguish clusters of the different samples. [26] 163 

 164 

1.3.3. Data processing 165 

The data pre-processing was performed using HoloREACT
TM

 software. For NIR and FT-IR 166 

spectroscopy, the three spectra of a sample were normalized and averaged. For Raman 167 

spectroscopy, the three spectra of a sample were baseline corrected using the Pearson’s 168 

method. All calculations were done with Matlab (The Matworks, Natick, MA, version 7.9.0). 169 



The Principal component analysis (PCA) of the data has been performed with algorithms 170 

based on Kernel PCA [27]. The Partial Least Squares (PLS) analysis of the data has been 171 

performed with the algorithms described by de Jong [28]. The algorithms are part of the 172 

ChemoAC toolbox (Freeware, ChemoAC Consortium, Brussels, Belgium, version 4.0). For 173 

each method, the dataset consist of a matrix with a number of columns equal to the number of 174 

wavelengths measured and a number of rows equal to the number of samples studied. The 175 

combination of the techniques has been performed by addition of the matrixes obtained for 176 

each technique. The combination matrix was then autoscaled in order to eliminate the 177 

influence of the differences of scaling. 178 

 179 

2. Results and Discussion 180 

 181 

2.1. Measurements  182 

All IR measurements were performed in triplicate on the pulverised tablet. All NIR 183 

measurements were performed once on the core of three different tablets of each sample and 184 

all Raman measurements were performed on three different locations of the core of one tablet 185 

of each sample. Only the fingerprint region of the IR spectra (1800-400 cm
-1

) and the 7000-186 

4000 cm
-1

 region of the NIR spectra were used because of their high variability and their 187 

richness of information. The Raman spectra were taken with an exposure time of ten seconds 188 

on the core of the tablets at three different locations per tablet. 189 

 190 

2.2. Case one: Viagra
®

 191 

2.2.1. PCA 192 

First, a PCA analysis was performed. No separation or not enough separation was seen 193 

between genuine and counterfeit or imitation samples. FT-IR provided the best results for the 194 

PCA analysis. It was decided to perform a PLS analysis. This choice was based on the 195 

supervised character of this chemometric method. 196 

 197 

2.2.2. PLS 198 

2.2.2.1. FT-IR spectroscopy 199 

Figure 1 shows the three dimensional PLS plot of the analysis of the FT-IR spectra of the 200 

Viagra
®

-like samples. As can be seen, a good distinction between genuine and counterfeit or 201 

imitations is obtained. Previous inspection of the loading plots confirms that almost the 202 

complete fingerprint region is needed for classification. Most of the separation is probably 203 



due to the differences in chemical composition of the tablets: combinations of different API, 204 

differences in excipients used, presence of contaminants or both of them.  205 

The counterfeit samples are quite close to each other (cluster 1) except two of them. Cluster 206 

one contains also 4 imitations; this indicates that their chemical composition is presumably 207 

similar to the one of the counterfeits. Among the different clusters identified, cluster 3 is very 208 

far from the other ones (along the axes PLS 2 and PLS 3 on figure 2). No reason has been 209 

identified for that huge separation. But it can be observed that cluster 3 is always separated 210 

from other samples by each technique or combination of techniques except for Raman 211 

spectroscopy and the combination of Raman and FT-IR spectroscopy. Clusters 4 and 5 can 212 

easily be confirmed by visual examination. Each cluster contains tablets originating from the 213 

same manufacturer. Cluster 2 contains two samples visually different but having the same 214 

packaging (same brand name and dosage: Nizagara 25mg). The fact that these two samples 215 

are close to each other indicates that they probably have the same chemical composition. They 216 

may be manufactured in two different laboratories but with the same raw material. 217 

Other samples are widespread and no relationship between these samples is seen. After 218 

inspection of the loading plots, no specific wavenumbers corresponding to an excipient or the 219 

sildenafil were correlated to the separation.  220 

 221 

2.2.2.2. NIR spectroscopy 222 

Figure 2 shows the three dimensional PLS plot of the analysis of the NIR spectra of the 223 

Viagra
®

-like samples. As with FT-IR, a good separation between genuine and imitations or 224 

counterfeit is obtained. Some clusters are observed. No obvious reason has been found as an 225 

explanation of these clusters except for clusters 4 and 5. NIR cluster 4 contains the same 226 

samples as the FT-IR cluster 5 and these samples are from the same manufacturer. NIR 227 

cluster 5 contains chewing tablets of three different manufacturers. Their classification in the 228 

same cluster is probably the consequence of a same manufacturing process. This is in line 229 

with the principle of NIR spectroscopy which is dependant of the physical properties of the 230 

sample such as particle size, density and morphology [29]. After visual inspection of the NIR 231 

spectra, it appears that the major variability is present between 5500-5000 cm
-1

.  232 

After plotting the loadings in function of the wavenumbers (Fig 3a), it has been found that the 233 

separation in groups by PLS factor 1 was due to microcrystalline cellulose (4732 cm
-1

), 234 

sodium laurylsulfate (5130 cm
-1

) and sildenafil citrate (5250 cm
-1

) (fig 3b). The separation by 235 

PLS factor 2 was due to cellulose derivatives (5180 cm
-1

) (fig 4 and 3b). The whole spectrum 236 



was taken into account for the separation by PLS factor 3. It can therefore be postulated that 237 

there are differences in the chemical composition of the tablets. 238 

 239 

2.2.2.3. Raman spectroscopy 240 

Raman spectroscopy was able to distinguish genuine from illegal medicines (fig 5). Illegal 241 

samples were widespread and no cluster has been identified except two samples that are apart 242 

from other ones. One of these two samples may be separated from other ones because it 243 

contains both sildenafil and tadalafil. 244 

No satisfying explanation has been found for the separation of the other sample and the 245 

loading plots don’t give more information.  246 

The Raman spectra also have been evaluated in smaller spectral regions, but the conclusions 247 

were similar. 248 

 249 

2.2.2.4. Combination of techniques. 250 

The association of Raman and FT-IR spectroscopy and the association of Raman and NIR 251 

spectroscopy allow the distinction of 5 and 6 clusters respectively (results not shown). No 252 

reason has been found for this distinction. Neither the visual aspect nor the loading plots 253 

permits an explanation. 254 

Fig 6 shows the three dimensional PLS plot of the analysis of the combination of the NIR and 255 

FT-IR spectra of the Viagra
®

 samples. A good separation between genuine and counterfeit or 256 

imitation samples can be observed. The illegal samples are divided in 4 clusters. These 257 

clusters are the most relevant for a forensic investigation because the classification realised by 258 

the combination of the two techniques shows clusters that are the most different according to 259 

both physical and chemical properties. These differences should be relatively little among 260 

samples from the same manufacturer. Cluster 3 contains the same samples as cluster 3 in Fig 261 

1 and 2. Cluster 4 contains some samples from group 2 and 4 (see table 2). Samples from 262 

group 2 are all manufactured by Axon Drugs Pvt Ltd. No reason has been found for the 263 

presence of samples from group 4 because no manufacturer name was present. They may be 264 

manufactured by Axon Drugs but this can not be confirmed. No satisfying reason has been 265 

found to explain the cluster 2. Once again, no specific wavenumbers corresponding to an 266 

excipient of the genuine tablets or the sildenafil were correlated to the separation according to 267 

the loading plots. 268 

Once Raman spectroscopy data are introduced in the analysis, clusters are no more coherent 269 

with the visual aspect of the tablets. As it cannot be ruled about the relevance of the 270 



information provided by the Raman spectroscopy, the combination of NIR and FT-IR 271 

spectroscopy will be preferred. 272 

 273 

2.3. Case two: Cialis
®

 274 

2.3.1. PCA 275 

As for Viagra
®

, the PCA analysis of Raman spectroscopy didn’t allow to distinguish genuine 276 

from imitations or counterfeit samples. So this technique was abandoned to the advantage of 277 

NIR and FT-IR. 278 

PCA analysis of the Cialis
®

 FT-IR dataset (fig 7) permitted to clearly separate the counterfeit 279 

samples (cluster 2 in figures 7 and 8) from the imitations and from the genuine samples. 280 

Cluster 3 contains the remaining samples. However, a group of imitations is not separated 281 

from genuine samples (cluster 1 in figures 7 and 8). The same observation is done with the 282 

NIR dataset (Fig 8). The imitations (group 5 in table 3) have different brand names but are 283 

visually similar and can be easily identified as being only one group. The qualitative and 284 

quantitative analysis by HPLC and dissolution of some of them indicates that they are of good 285 

quality. This might result of a chemical composition and a manufacturing process very close 286 

to the original Cialis
®

. So, the PLS analysis was needed to distinguish these imitations from 287 

the originals. 288 

The samples of clusters 4 are coherent with visual inspection. Cluster 3 and 5 in figure 8 289 

cannot formally be explained. Cluster 2 contains the counterfeit samples. 290 

 291 

2.3.2. PLS 292 

2.3.2.1. FT-IR spectroscopy 293 

The PLS analysis permitted a very good separation of the imitations and the counterfeits from 294 

the genuine samples. FT-IR also permitted to see 5 clusters of samples (fig 9). Cluster 1 295 

shows the imitations samples that weren’t separated from the genuine samples by PCA. It 296 

contains imitations that are visually similar: oval shape with E20 embossed; without 297 

distinction between conventional tablets and chewable tablets (see table 3). It can therefore be 298 

postulated that only few chemical differences are present (flavouring agents such as menthol). 299 

After qualitative and quantitative HPLC analysis and according to the classification of the 300 

RIVM [3], they can be called “professional imitations”. 301 

Cluster 2 contains the counterfeit samples. It is very clearly separated from other samples. A 302 

HPLC analysis showed that they contain both sildenafil and tadalafil. So they can be called 303 

“mixed counterfeit” according to the RIVM classification [3]. This combination of API may 304 



explain this clear separation. Cluster 3 contains samples from the same manufacturer 305 

(according to the packaging) that are visually similar: round, orange and without film-coat. In 306 

this case, the chewable tablets were separated from other samples (arrow 3).  307 

Cluster 4 contains samples that are neither counterfeit nor imitation samples. Their packaging 308 

is totally different from genuine samples but their shape, film-coat colour and engraving C20 309 

are similar. However, they really seem manufactured by amateurs so we classed them among 310 

imitations. Once again, the chewable version of these tablets is not comprised in the cluster 311 

(arrow 4).  312 

Cluster 5 contains the other samples except three of them that are widespread in the plot. 313 

They are not similar between them but quite close to each other. They probably have the same 314 

chemical composition and the same manufacturer.  315 

The examination of the loading plots did not permit to identify which component was 316 

correlated with this separation. After visual inspection of the FT-IR spectra of each cluster, it 317 

can be observed that almost the whole spectrum is different between each sample except 318 

between cluster one and genuine samples which is in agreement with the fact that they 319 

weren’t separated by PCA. 320 

 321 

2.3.2.2. NIR spectroscopy 322 

NIR spectroscopy shows a clear separation between genuine samples and counterfeit or 323 

imitation ones (fig 10). Clusters 1 and 2 are very clearly separated from other samples but the 324 

clustering of the illegal samples is not clear (clusters 3, 4). These 2 clusters are very close to 325 

each other. Once again, the counterfeit samples (cluster 2) are clearly separated from other 326 

samples. The visual inspection of the NIR spectra of each cluster shows no clear difference 327 

between the different clusters. 328 

 329 

2.3.2.3. Raman spectroscopy 330 

Raman spectroscopy permits the distinction between genuine and illegal samples. This 331 

distinction was greater when the region between 1400-1190 cm
-1

 was studied. So this region 332 

has been selected for the rest of the analysis with Raman spectroscopy on Cialis
®

-like 333 

samples. Figure 11a shows the separation of the illegal samples in 3 clusters. Cluster 1 334 

contains the imitations from the group 5 (see table 3) and one sample from the group 7. This 335 

sample wasn’t classified in any cluster by both NIR and FT-IR spectroscopy. Cluster 3 336 

contains two samples from the same group but no reason has been found for their separation 337 

from the other ones. The loading plots didn’t permit to identify which component was 338 



correlated with these clusters. As shown on figure 11b, the Raman spectra of the three clusters 339 

are different in particular in the studied region (grayed area).  340 

 341 

2.3.2.4. Combination of techniques. 342 

The NIR and the FT-IR data were associated to obtain figure 12. This plot shows a separated 343 

cluster of the genuine samples and four other clusters. Cluster 1 contains the professional 344 

imitations identified by both FT-IR and NIR (group 5 of table 3) and it contains also a sample 345 

that was not included in a cluster by each technique separately except by the Raman 346 

spectroscopy. Cluster 2 contains the counterfeit samples and cluster 3 contains the remainder 347 

samples. Only one sample stand alone (cluster 4), this sample was included in cluster 5 by 348 

both techniques separately (fig 9 and 10). It couldn’t be explained why the association of the 349 

techniques isolated it.  350 

Figure 13 shows the combination of the NIR and the Raman spectra. Three clusters are 351 

observed. These clusters are the same as for the association of NIR and FT-IR spectroscopy 352 

except that the sample from group 7 that was in cluster one is now separated in cluster 5. The 353 

sample of cluster 4 in fig 12 is still isolated. 354 

Figure 14 shows the association of the FT-IR and the Raman spectra. This time, illegal 355 

samples are divided into 4 clusters. Clusters 2 and 3 are coherent with visual inspection of the 356 

tablet. Cluster 4 contains all the samples from group 3 except a tablet from group 4. This 357 

sample was already classified close to group 3 by FT-IR spectroscopy (see fig 9). Cluster 1 358 

contains the remainder samples. 359 

The association of the three techniques permitted exactly the same separation as the 360 

association of NIR and Raman spectroscopy. 361 

 362 

3. Conclusion 363 

The aim of this study was to establish which technique or combination of techniques was the 364 

most powerful to distinguish counterfeits from genuine samples of Viagra
®

 and Cialis
®

. The 365 

spectroscopic techniques investigated comprised FT-IR, NIR and Raman spectroscopy.  366 

FT-IR is a widely spread and relatively cheap technique, used for decades and present in each 367 

analytical laboratory. The main drawback of this technique is its destructive character. 368 

NIR and Raman techniques are more and more used in the pharmaceutical industry because of 369 

their easiness of use, their rapidity and the fact that it is non-destructive. So, any further 370 

analysis can still be done on the tablets analysed by NIR or Raman spectroscopy which is 371 

very important for an official analytical laboratory.  372 



 373 

The ability of NIR and Raman spectroscopy separately to make the distinction between 374 

genuine and counterfeit or imitation samples has already been demonstrated [8,10,15]. PCA 375 

analysis of the data was insufficient to achieve complete separation of the samples. Hence, 376 

PLS analysis was preferred because it is a powerful tool for a discrimination study with 377 

reference samples. 378 

For the Viagra
®

 samples, after investigation, the conclusion is that the association of NIR and 379 

FT-IR spectroscopy provides the best results (see table 4a). Indeed, the many clusters 380 

observed with NIR and FT-IR alone were reduced to 4 clusters showing the most variability 381 

between the samples. This variability is correlated to both physical and chemical information. 382 

This is very useful for a forensic investigation because it takes into account both chemical 383 

composition and the manufacturing process. This information is useful for characterizing a 384 

manufacturer. 385 

For the Cialis
®

-like samples, each technique separately permitted a classification of the 386 

samples and the distinction between genuine and illegal samples (see table 4b). But this 387 

classification was insufficient for the Raman spectroscopy or incomplete for the FT-IR and 388 

the NIR spectroscopy. It is concluded that the association of NIR spectroscopy (region 389 

between 7000-4000 cm
-1

) and Raman spectroscopy (region between 1400-1190 cm
-1

) was the 390 

most useful association of techniques. This association permitted a very good separation 391 

between genuine and counterfeit or imitation samples. The classification performed allows the 392 

distinction between very bad counterfeits, very good imitations and other samples from 393 

genuine samples. This classification is also very easy even by visual inspection of a non-394 

trained operator. This is useful for its application in control laboratory. The association of FT-395 

IR and Raman spectroscopy has not been considered as optimal because some groups were 396 

not separated and there were samples misclassified. For these reasons, this association seems 397 

to be less useful than the association of NIR and Raman spectroscopy. 398 

This study was performed on a limited number of samples. If those techniques are applied to a 399 

routine forensic laboratory working on counterfeits drugs, it is clear that the constitution of a 400 

library of genuine and illegal samples would allow a sharper classification of samples.  401 

The use of spectroscopic tools allows an objective distinction between legal and illegal tablets 402 

based on chemical and physical information of the tablets. This distinction sometimes 403 

confirms the visual classification of the samples but most of the time it completes this 404 

classification. As it has been demonstrated, it is frequent that many visually similar samples 405 

are finally classified in the same cluster which indicates that they have similar physico-406 



chemical properties. That kind of objective classification is the most useful for any further 407 

investigation. 408 

409 
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Table 1: Classification of illegal medicines according to the RIVM [3] 497 

 498 

Main 
category Subcategory Inclusion and exclusion criteria 

  Professional Appearance in conformity with genuine medicine; 

    Content of correct API within 90 - 110 % of declared value; 

    No other APIs; not genuine medicine. 

  Non-professional Appearance in conformity with genuine medicine; 

    Content of correct API outside 90 - 110 % of declared value; 

    No other APIs. 

Counterfeit Mixed  Appearance in conformity with genuine medicine; 

   Contains correct API and another, known API  

  Fraudulent  Appearance in conformity with genuine medicine; 

    Contains a different, known API.  

  Analog  Appearance in conformity with genuine medicine, 

    Contains other, unapproved API  

  Placebo Appearance in conformity with genuine medicine; 

    Does not contain APIs.  

  Professional Appearance not in conformity with genuine medicine; 

    Content of correct API within 90 - 110 % of declared value; 

    No other APIs. 

  Non-professional Appearance not in conformity with genuine medicine; 

    Content of declared API outside 90 - 110 % of declared value; 

    No other APIs. 

Imitation Mixed  Appearance not in conformity with genuine medicine; 

   Contains declared API and another API. 

  Fraudulent  Appearance not in conformity with genuine medicine; 

    Contains an undeclared API. 

  Analog  Appearance not in conformity with genuine medicine; 

    Contains other, unapproved API  

  Placebo Appearance not in conformity with genuine medicine; 

    Does not contain APIs. 

 499 

500 



Table 2 : Viagra
®

-like samples. (For RIVM classes see table 1)  501 

 502 

 503 
504 



Table 3: Cialis
®

-like samples. (For RIVM classes see table 1) 505 

 506 

 507 
 508 

509 



Table 4: (a) Summary table of the results obtained with the different techniques and 510 

associations analysed by PLS for the Viagra
®

-like samples. The best method is in bold font. 511 

 512 

Viagra
®
-like samples 

Genuine 
discrimination 

Counterfeit-
Imitations 

discriminations 
Clusters 
number 

Explained 
clusters 

Unclassified 
samples 

FT-IR (1800-400cm
-1

) Yes No 5 4 33 

NIR (7000-4000 cm
-1

) Yes No 5 2 31 

Raman (1800-200cm
-1

) Yes No - - 55 

FT-IR+NIR Yes No 4 2 0 

FT-IR+Raman Yes No 5 1 2 

NIR+Raman Yes No 6 1 2 

FT-IR+NIR+Raman Yes No 6 1 2 

 513 

(b) Summary table of the results obtained with the different techniques and 514 

associations analysed by PLS for the Cialis
®

-like samples. The best method is in bold font. 515 

 516 

Cialis
®
-like samples 

Genuine 
discrimination 

Counterfeit-
Imitations 

discriminations 
Clusters 
number 

Explained 
clusters 

Unclassified 
samples 

FT-IR (1800-400cm
-1

) Yes Yes 5 4 3 

NIR (7000-4000cm
-1

) Yes Yes 5 4 3 

Raman (1400-1190cm
-1

) Yes Yes 3 2 1 

FT-IR+NIR Yes Yes 3 2 1 

FT-IR+Raman Yes Yes 4 3 0 

NIR+Raman Yes Yes 3 2 2 

FT-IR+NIR+Raman Yes Yes 3 2 2 

 517 

 518 

519 



Fig 1: 3D PLS score plot of the FT-IR spectra (region between 1800-400cm
-1

) of the 520 

Viagra
®

-like samples. For symbol caption see table 2. 521 

  522 

Fig 2: 3D PLS score plot of the NIR spectra (region between 7000-4000cm
-1

) of the Viagra
®

-523 

like samples. For symbol caption see table 2. 524 

  525 

Fig 3: (a) Loadings scores of the PLS 1 of the NIR spectra of the Viagra
®

-like samples. 526 

Three major peaks are observed at 4732, 5130 and 5250 cm
-1

. 527 

 (b) NIR spectra of the excipients linked to the peaks identified in (a). 528 

 529 

Fig 4: Loadings scores of the PLS 2 of the NIR spectra of the Viagra
®

-like samples. The 530 

major peak observed is at 5180 cm
-1

. This wavenumber can be linked to the cellulose 531 

derivates excipients. 532 

 533 

Fig 5: 3D PLS score plot of the Raman spectra (region between 1800-200cm
-1

) of the 534 

Viagra
®

-like samples. For symbol caption see table 2. 535 

  536 

Fig 6: 3D PLS score plot of the association of the FT-IR spectra (region between 1800-400 537 

cm
-1

) and the NIR spectra (region between 7000-4000 cm
-1

) of the Viagra
®

-like samples. For 538 

symbol caption see table 2. 539 

 540 

Fig 7: 3D PCA score plot of the FT-IR spectra (region between 1800-400cm
-1

) of the 541 

Cialis
®

-like samples. For symbol caption see table 3. 542 

 543 

Fig 8: 3D PCA score plot of the NIR spectra (region between 7000-4000cm
-1

) of the Cialis
®

-544 

like samples. The results show no separation of genuine samples. For symbol caption see 545 

table 3. 546 

 547 

Fig 9: 3D PLS score plot of the FT-IR spectra (region between 1800-400cm
-1

) of the Cialis
®

-548 

like samples. For symbol caption see table 3. 549 

 550 

Fig 10: 3D PLS score plot of the NIR spectra (region between 7000-4000cm
-1

) of the Cialis
®

-551 

like samples. For symbol caption see table 3. 552 

 553 



Fig 11: (a) 3D PLS score plot of the Raman spectra (region between 1400-1190cm
-1

) of the 554 

Cialis
®

-like samples. For symbol caption see table 3. 555 

 (b) Mean Raman spectrum of each cluster. The region between 1400-1190cm
-1

 is 556 

grayed. 557 

 558 

Fig 12: 3D PLS score plot of the association of the FT-IR spectra (region between 1800-400 559 

cm
-1

) and the NIR spectra (region between 7000-4000 cm
-1

) of the Cialis
®

-like samples. For 560 

symbol caption see table 3. 561 

 562 

Fig 13: 3D PLS score plot of the association of the Raman spectra (region between 1400-1190 563 

cm
-1

) and the NIR spectra (region between 7000-4000 cm
-1

) of the Cialis
®

-like samples. For 564 

symbol caption see table 3. 565 

 566 

Fig 14: 3D PLS score plot of the association of the FT-IR spectra (region between 1800-400 567 

cm
-1

) and the Raman spectra (region between 1400-1190 cm
-1

) of the Cialis
®

-like samples. 568 

For symbol caption see table 3. 569 

570 
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Fig 2: 621 
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