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A B S T R A C T   

The applicability of Raman imaging for pharmaceutics production ranges from the characterization of phar-
maceutical formulations, kinetic processes in drug delivery to the rapid detection and identification of coun-
terfeit drugs/contaminants. Acetaminophen (Paracetamol, APAP) is an analgesic and antipyretic drug and one of 
the most consumed medicines worldwide. On the other hand, the compound 4-aminophenol (4-AP) is a hy-
drolytic product of APAP with nephrotoxicity and teratogenic effects. In this work, we have explored for the first 
time Raman imaging methods to characterize the main components of commercial APAP tablets (APAP-tablets) 
and to inquire about the potential of this optical technique to identify 4-AP in APAP tablets, which have been 
previously spiked with such contaminant. The laboratorial treated APAP-tablet samples were subjected to 
different temperature, humidity and sunlight exposure conditions, mimicking storage conditions, and then the 
Raman spectra and images were collected to monitor changes that might occur in those conditions. Although the 
lower limit of detection of 4-AP in APAP-tablets is above the minimum levels established by Pharmacopoeias 
(0.005 %), this research demonstrates that Raman imaging still allows the detection of small amounts of the 
contaminant, thus opening perspectives for exploring this technique for characterizing APAP products.   

1. Introduction 

The chemical stability of drugs’ active pharmaceutical ingredients 
(APIs) is fundamental in pharmaceutical formulation quality control. 
This process verifies whether the product complies with the pharma-
copoeia specifications, such as the World Health Organization (WHO) 
and European Union legislation (EU) [1]. International Organization for 
Standardization (ISO) 8402–1986 has defined quality as "the totality of 
features and characteristics of a product or service that bears its ability 
to satisfy stated or desired needs". The quality of the pharmaceutical 
formulation can be guaranteed by evaluating several drug characteris-
tics, such as weight variation test, hardness, friability, disintegration, 
dissolution and assay tests [1–3]. Evaluating these parameters ensures 
the API quality regarding therapeutic activity’s optimization and 
bioavailability because irregularities and poor quality of the pharma-
ceutical formulations can represent a series of complications for the 
pharmaceutical company, namely re-manufacture, loss of credibility 
and can compromise the operating license and product registration [4, 
5]. 

On the other hand, for consumers, the lack of quality of 

pharmaceutical products can cause a series of disorders or even 
compromise their health [6,7]. Unfortunately, chemical alterations in 
the pharmaceutical formulations can occur as consequence of exogenous 
factors, such as illegal counterfeiting of drugs for public consumption 
and, chemical instability of APIs due to interaction between APIs and 
excipients in non-optimal conditions. For example, the latter can be 
caused by the deterioration of packaging system (e.g. pills or capsules), 
due to non-favorable environmental conditions during transportation, 
storage and use, especially in tropical climates [3]. 

Exposure to certain environmental conditions of temperature, hu-
midity, light and oxygen, for example, might affect the chemical sta-
bility of the API due to its hydrolysis, oxidation, isomerization, 
polymerization and photochemical degradation. Additionally, physical 
changes can also occur in the drug’s hardness, friability, disintegration 
and dissolution rate, leading to changes in the bioavailability of the drug 
[8–12]. Several drugs have amide or ester groups in the API molecular 
constitution, which are prone to undergo hydrolysis in high relative 
humidity levels (RH) [12,13]. There is a variety of classes of drugs that 
can experience this alteration, which include antibiotics, anaesthetics, 
vitamins and barbiturates when exposed to moisture [12,13]. 
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Paracetamol (APAP), also called acetaminophen or N-acetyl-ρ-ami-
nophenol, is an acetylated aromatic amide synthesized by Morse (1878) 
and used for the first time in medicine by Von Mering (1893) [14]. 
However, it was only in 1949 that it was officially introduced as a 
therapeutic agent [15]. Nowadays, it is accepted worldwide as an 
effective drug for relieving pain and fever in adults and children [16]. It 
is presented in several pharmaceutical formulations as a suspension, 
solution, tablet, or capsule [17,18]. The main product of the APAP hy-
drolytic degradation is 4-aminophenol (4-AP) or ρ-aminophenol [19, 
20]. The compound 4-AP is reported to have significant nephrotoxicity 
and teratogenic effects [21,22], and it has been limited to the low level 
of 50 ppm (0.005 % w/w) in pharmaceutical formulations by the Eu-
ropean and US Pharmacopoeias, by employing a manual colourimetric 
limit test [23,24]. Other techniques have been used for determining 
4-AP in APAP tablets, such as spectrophotometry,[25] 
high-performance liquid chromatography (HPLC) [26–28], liquid 
chromatography coupled with mass spectroscopy (LC/MS) [29], capil-
lary electrophoresis [30,31], flow injection analysis [24], and micellar 
electrokinetic chromatography [32,33]. However, most of the proced-
ures mentioned above are time-consuming, expensive and require 
specialized labour. Raman imaging and spectroscopic methods, as 
non-destructive and sensitive methods are valuable complementary 
tools for quality control for detecting and monitoring 4-AP in paracet-
amol tablets. 

Confocal Raman microscopy (CRM) is among the alternative 
analytical tools that have been exploited in the last years to investigate 
APIs’ stability and quality control, leading to new possibilities for two- 
dimensional characterization of samples. Recent advances in vibra-
tional microscopy imaging [34,35], allows the acquisition of chemical 
images under sub-micron resolution in a reduced time for visualizing 
particle size and spatial distribution of APIs and excipients in specific 
samples, such as pills, tablets or capsules, leading to consistent fabri-
cation of pharmaceutical products [36–39]. 

Recent applications of Raman mapping on pharmaceutical formu-
lations include the composition of tablets [40,41] and the connection 
between composition and dissolution rate [42]. This technique can also 
be used in other real-world applications such as agriculture and biomass 
(e.g., characterisation of fertilisers and soils) [43], environmental (e.g., 
microplastics identification, water quality monitoring) [44,45], food 
industry (e.g., food quality, pesticides detection) [46], biological and 
medical applications (e.g., study/characterisation of cells and identi-
fication/diagnosis of diseases) [47,48], Geology [49], Arts, archaeology 
and palaeontology [50] and Forensic analysis (e.g., fingerprints, 
hand-writing) [51,52]. 

Due to typically higher Raman scattering coefficients of APIs, as 
compared to common excipients, Raman imaging can detect low 
amounts of APIs and related substances, namely contaminants and 
polymorphs, by creating high resolution chemical images [53–55]. For 
example, Widjaja et al. have detected magnesium stearate, a minor 
component of pharmaceutical drug tablets, using Raman imaging and 
multivariate data analysis [56]. In a laboratorial prepared tablet, they 
have successfully acquired a Raman spectrum of magnesium stearate at 
a low concentration of 0.2 wt %. Šašić has reported Raman mapping 
coupled with chemometrics to study the spatial distribution of alpraz-
olam in commercial Alprazolam/Xanax tablets with an alprazolam 
loading lower than 1 % (w/w) [57]. Marsac and co-workers have 
developed a method involving a two-step Raman mapping approach to 
investigate salt disproportionation in tablets with low drug content (5 % 
w/w) [58]. Our interest in the pharmaceutical areas led us to explore 
Raman imaging as a tool to study and characterize systems that can be 
used in drug delivery, cancer therapies and bone regeneration [59–62]. 
More recently, we have reported our research results on applying CRM 
as an essential tool to monitor polymorphism transition/degradation 
compounds [63] and hydration processes in APIs in tablets [64]. In 
particular, Raman imaging coupled with cluster analysis was explored to 
identify and monitor the polymorph transition of anhydrous 

carbamazepine (CBZ III; polymorph III), an anticonvulsant drug 
commonly used to treat epilepsy, into CBZ I (polymorph I) and imi-
nostilbene (API degradation), in function of temperature [63] and the 
hydration of CBZ at the nanoscale level [64]. The spatial distribution of 
CBZ III in commercial tablets was also reported using Raman imaging, 
demonstrating the potential of this approach for quality monitoring 
purposes. In the latter, after seventeen days of exposure to RH 89 %, the 
commercial CBZ III protective coating is falling apart and the presence of 
CBZ DH is noticed by Raman imaging. 

Here, we explore CRM to obtain the spatial distribution of the main 
components of commercial APAP tablets and to identify 4-AP in sam-
ples, that have been laboratorial prepared by adding such contaminant 
in low concentration. To the best of our knowledge, there are no Raman 
imaging studies for identifying 4-AP (a minor component, 0.1 % w|w) 
alongside major components, such as APAP in pharmaceutical formu-
lations. Furthermore, CRM was used to gain new insights into the hy-
drolysis/degradation behaviour of commercial paracetamol tablets 
(APAP-tablets) spiked with 4-AP stored at above room temperature and 
humidity, demonstrating the potential of this approach for quality 
monitoring purposes. 

2. Experimental section 

2.1. Materials 

Commercial paracetamol tablets (1 g of APAP) were obtained from a 
specific supplier which are designed as APAP-tablet for confidential 
reasons. Acetaminophen (APAP, purity 99 %, C8H9NO2) and 4-amino-
phenol (4-AP, purity 99 %, C6H7NO) were purchased from Sigma- 
Aldrich and used as received. 

2.2. Preparation of APAP-tablet containing 4-AP 

The APAP-tablets were ground in a mortar with a pestle and then a 
certain amount of 4-AP was added and mixed with the powder, to obtain 
a series of APAP-tablets contaminated with 4-AP, at the following final 
concentrations 0.05 %, 0.1 %, 0.5 %, 1 % and 10 % (w|w in 4-AP). For 
each blend, three tablets with diameters of 25 mm (thickness of 2.5 mm) 
and 200 mg in weight have been prepared by using a hydraulic press (8 
t). Tablets containing only APAP were also pressed and used as controls. 

2.3. Storage conditions 

APAP-tablet containing different loading of 4-AP (0.5 %, 1 % and 10 
%) were studied after being submitted to different storage conditions, 
such as relative humidity, temperature and sunlight exposition. 

2.3.1. Humidity and sunlight tests 
The APAP-tablets were placed in a closed compartment either at 65 

% or 86.5 % relative humidity (RH), at room temperature (22ºC), over 
four weeks. For RH 86.5 %, a glass of water was placed inside the closed 
compartment. The relative humidity and temperature were monitored 
using a digital humidity sensor (Hygrometer testo 608-H-1). For RH 65 
% at 22ºC, some tablets were placed in a closed compartment exposed to 
the sunlight, while other samples were stored in the dark for 4 weeks. 

2.3.2. Temperature tests 
Tablets were placed in an oven at different temperatures (22ºC and 

40ºC) in the dark for 4 weeks. 

2.4. Confocal Raman microscopy (CRM) 

Raman spectra of APAP and 4-AP were measured using a combined 
Raman-AFM-SNOM confocal microscope system WITec alpha300 RAS+. 
A Nd:YAG laser operating at 532 nm with a 100x (0.9 NA) objective was 
used to acquire single Raman spectra in the range between 0 and 3700 
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cm-1. Each Raman spectrum was acquired with 10 scans, 2 s each at a 
power of 5 mW. The WITec microscopy has a RayShield filter providing 
Raman spectra measurements at extremely low wavenumbers down to 
below 10 rel.cm-1. 

Raman imaging was performed by taking several Raman spectra in a 
uniform grid with different areas. The integration time for each spec-
trum was 0.1 s for small areas (approximately 67 min) and 0.05 s for 
large areas (approximately 133 min) in the range between 0 and 3700 
cm-1. All the parameters used for each Raman image are described in 
Table S1 (Supporting information). 

2.5. Data processing 

Data acquisition and processing were performed using WITec Project 
5.3+ software. The average Raman spectra were obtained from all data 
points in the Raman images. Background subtraction using the shape 
function (shape size: 300; noise factor: 2) was performed for all Raman 
spectra and images (WITec Project 5.3+). All imaging data were 
analyzed using the command True Component Analysis (WITec Project 
5.3+) to create the combined Raman image. The True Component 
Analysis uses a basic analysis algorithm to fit the measured spectrum at 
each pixel as a linear combination of the reference library spectra using a 
least squares method [65,66]. The Raman spectra of APAP, 4-AP, stea-
ric, and corn starch were used to build a True Component reference li-
brary. Application of the True Component linear combination model to 
the hyperspectral dataset resulted in a component distribution image for 
each library component. The intensity of each pixel in the distribution 
image is determined by degree of membership to a particular component 
by fitting the spectral response at the specific pixel with the reference 
library spectra. This was given an arbitrary value between 0 and 1, 
where a score value of 0 represents the absence of a component in a pixel 
and a score value of 1 demonstrates 100 % presence a component. 
False-colour chemical images are the overlap of the Raman images for 
each component (red for paracetamol, cyan for 4-aminophenol, blue for 
corn starch and green for stearic acid). 

2.6. Fourier transform infrared- (FTIR) spectroscopy 

FTIR data were acquired using a Bruker Optics Tensor 27 coupled to 
a horizontal attenuated total reflectance (ATR) cell, using 256 scans at a 
4 cm-1 resolution. 

3. Results and discussion 

The Raman spectra of APAP-tablet and APAP powder are presented 
in Fig. 1a,b. APAP crystallizes in three forms (polymorphs) and occurs as 

an amorphous phase, among which the thermodynamically monoclinic 
form (type I) corresponds to the API present in commercial APAP 
[67–69]. The Raman spectrum (Fig. 1b) of monoclinic APAP exhibits the 
characteristic bands at 1240 and 1328 cm-1, assigned to the stretching 
vibrations of the aromatic C-O and C-N groups, and three well-resolved 
peaks in the 1500–1700 cm-1 region, which are assigned to the amide 
carbonyl group vibrations and the aromatic hydrogens.[68,69]. 

The vibrational band assignments for APAP are presented in Table S2 
(Supporting information). Although slight differences exist in the in-
tensity of certain bands, the Raman spectrum of the APAP-tablet 
matches well with the corresponding spectrum of APAP powder. 
Fig. 1c also shows the Raman spectrum of a sample of pure 4-AP, a 
contaminant that might be formed from APAP in hydrolytic conditions. 
The experimental spectra shown in Fig. 1 were used as a basis to 
investigate the distribution of APAP over the APAP-tablets by Raman 
imaging. 

In Fig. 2, the area marked in red corresponds to the optical micro-
scopy image of the APAP-tablet and the corresponding combined Raman 
images are shown on the right panel, for consecutive decreasing areas 
scanned over the sample. A total of 160 000 Raman spectra (400 points x 
400 lines) were collected across the entire pellet surface 
(13.5 mm × 13.5 mm) to generate the Raman map presented in Fig. 2B, 
which overall shows the presence of APAP over the tablet, i.e. a red 
region characterized by the Raman spectrum shown in Fig. 2I. A close 
inspection of a smaller area (1.35 mm × 1.35 mm) using the acquired 
160 000 Raman spectra, demonstrates the presence of other ingredients 
with distinct Raman spectra (Fig. 2D, I). Although APAP is still observed 
as the main component (red colour), other spectral features are also 
observed probably due to excipients present, namely corn-starch (blue 
colour) and stearic acid (green colour) [70,71]. Hence, the spectra show 
the characteristic bands of starch macromolecules (Raman spectrum in 
blue; Fig. 2I) at 477 cm-1 assigned to the δ(CCC) + δ(CCO); 868 cm-1 

assigned to the δ(CCH) + δ(COC); 941 cm-1 assigned to the δ(COC) 
+ δ(COH) + ν(CO); 1127 cm-1 assigned to ν(CO) + ν(CC) + δ(COH); 
1461 cm-1 assigned to the δ(CH) + δ(CH2) + δ(COH) and 2911 cm-1 

assigned to the ν(CH).[71] The Raman spectrum of the compound APAP 
(red spectrum, Fig. 2I) shows all the characteristic bands assigned to 
APAP powder (see table S2) [72,73]. The Raman spectrum depicted in 
green (Fig. 2I) is due to the presence of stearic acid, showing three 
characteristic bands at 2846 cm-1, 2880 cm-1 and 2940 cm-1, assigned 
respectively to the νsym(CH2), νasym(CH2) and νsym(CH2) + 2 δ(CH2) 
modes; 1442 cm-1 assigned to the δ(CH2) + δ(C––O) + ν(CO) + δ(C-OH) 
mode; 1298 cm-1 assigned to the t(CH2) mode; 1130 cm-1 assigned to the 
νsym(CC) and 1061 cm-1 assigned to the νasym(CC) [74]. 

The high-resolution Raman images (Fig. 2F, G) show the distribution 
of small grains of APAP (red colour) over the APAP-tablet’s surface and 
the presence of bigger grains with about 12 µm of diameter of corn- 
starch (blue colour). Thus, these results show APAP homogeneously 
distributed in the tablet, which also contain corn-starch and stearic acid 
enriched regions in a lower amount. To validate the method used to 
produce the Raman images, single Raman spectra were collected in 
different regions of the APAP-tablet (red and blue regions, Fig. 2G). 
Fig. 2H shows two distinct Raman spectra acquired in different APAP- 
tablet regions, in which the presence of APAP (red spectrum, Fig. 2H) 
was confirmed in the red region and corn starch in the blue region (blue 
spectrum, Fig. 2H). 

The Raman spectrum of 4-AP powder is presented in Fig. 1c, which is 
quite different from the APAP’s Raman spectrum, thus allowing their 
distinction by this spectroscopic technique (Fig. 1b). Hence, the Raman 
spectrum of pure 4-AP shows distinctive features in the CH stretching 
region at 2800–3000 cm-1 and in the 1200–1350 cm-1 region of the 
stretching vibrations of aromatic C-O and C-N linkages. Also, in the 
1500–1700 cm-1 region, with the disappearance of the bands set to the 
amide carbonyl group vibrations and at lower frequencies [75]. In 
particular, the low-frequency Raman band at 110 cm-1 can be employed 
as diagnosis spectroscopic features to monitor the presence of 4-AP. 

Fig. 1. Experimental Raman spectra of APAP-tablet (a), APAP powder (b), and 
4-AP powder (c). 
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The laboratorial APAP-tablets spiked with 4-AP (10 % w|w) were 
analyzed by Raman imaging to investigate the distribution of the added 
impurity over the APAP-tablet_10 %. Fig. 3 presents the optical image of 
the APAP-tablet_10 % with the scanned area marked in red (A, C, E), and 
the combined Raman images collected for consecutive decreasing areas 
(B, D, F). As expected, both the APAP and 4-AP components are observed 
on the surface of the APAP-tablet_10 %, for the scanned larger area 

(13.5 mm × 13.5 mm; 160 000 Raman spectra), as presented in Fig. 3A. 
The Raman image (Fig. 3B) shows two distinct chemical components in 
the whole tablet: APAP (red spectrum; Figs. 3H) and 4-AP (cyan spec-
trum; Fig. 3H). 

As the scanned area decreased, the corn-starch grains and stearic 
acid were also detected (Fig. 3D, F) (blue spectrum_corn starch; green 
spectrum_stearic acid, Fig. 3G);. 

Fig. 2. Optical images of APAP-tablet with the scan area marked in red, for decreasing dimensions: 13.5 mm x 13.5 mm (A); 1.35 mm x 1.35 mm (C), and 135 µm x 
135 µm (E), and the respective combined Raman image with 400 × 400 Raman spectra each image (B, D and F); High-resolution Raman image with 200 × 200 
Raman spectra in a 20 µm x 20 µm area (G); (H) Single Raman spectra acquired at different regions of the Raman image identified as APAP (a) and corn starch (b); (I) 
Raman spectra used for the combined Raman image: corn-starch (blue), APAP (red) and stearic acid (green). 
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Fig. 3. Optical images of APAP-tablet with 10 % of 4-AP with the scan area marked in red for decreasing dimensions: 13.5 mm × 13.5 mm (A); 1.35 mm × 1.35 mm 
(C) and 135 µm x 135 µm (E) and the respective combined Rama image with 400 × 400 Raman spectra each image (B, D and F); Raman spectra used for the 
combined Raman image: 4-AP (cyan), APAP (red), stearic acid (green) and corn starch (blue) (G). 
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To inquire about the sensitivity of Raman imaging to monitor vari-
able amounts of 4-AP in the APAP-tablets, the contaminant 4-AP was 
spiked in the APAP-tablets for the following amounts: 0.05 %, 0.1 %, 0.5 
%, 1 % and 10 % (w|w), and then analysed by confocal Raman micro-
scopy. Fig. 4 presents the distribution of APAP (red colour) and 4-AP 
(cyan colour) over the APAP-tablets with variable amounts of 4-AP. In 

this case, corn-starch and stearic acid regions are not shown for sake of 
clarity. 

Fig. 4A-C shows the high-resolution Raman images (80 µm x 80 µm, 
40,000 Raman spectra), in which 4-AP was detected in the APAP-tablets 
for 1 % as the lowest amount of the contaminant. By increasing the 
scanned area to 2000 µm x 2000 µm (40,000 Raman spectra), 4-AP was 
detected in the APAP-tablet spiked at 0.05 % in the contaminant (cyan 
colour Fig. 4F). Although this percentage is still above the maximum 
allowed limit by Pharmacopoeias, which is 0.005 % in 4-AP, these re-
sults show the potential of the method to monitor the distribution of this 
contaminant in tablets [23,24]. 

Adequate storage and preservation of pharmaceutical formulations 
are fundamental factors for the effectiveness of API. To determine the 
chemical stability of a drug during storage, it is crucial to assess the 
effect of ambient conditions, such as temperature, relative humidity and 
light exposure. This type of study is described here for the first time, by 
using Raman imaging applied to APAP-tablets spiked with variable 
amounts of 4-AP (10 %, 1 % and 0.5 % w|w), which were subjected to 
different conditions of temperature, light and humidity over four weeks 
of shell-life. An APAP-tablet without 4-AP was used as an experiment 
control and thus subjected to similar conditions. Fig. 5 provides an 
illustrated summary of these experiments for the selected conditions. 
Note that the APAP-tablet and 4-AP spiked samples are initially col-
ourless. Overall, the following main observations can be highlighted 
after a simple visual inspection of the samples. No significant colour 
changes were observed for the non-spiked APAP-tablets, confirming that 
light-protected APAP-tablets stored at room temperature and under dry 
conditions do not undergo visible changes in their characteristics [76]. 
All the tablets spiked with 4-AP, even for the lowest amount tested (0.5 

Fig. 4. Higher-resolution combined Raman images of APAP-tablets (80 µm x 80 µm; 40,000 Raman spectra) with variable 4-AP amounts: 10 % (A); 1 % (B); 0.5 % 
(C); Large combine Raman images of APAP-tablets with variable 4-AP amounts: 0.5 % (750 µm x 740 µm; 40,000 Raman spectra) (D); 0.1 % (2000 µm x 2000 µm; 
40,000 Raman spectra) (E); 0.05 % (2000 µm x 2000 µm; 40,000 Raman spectra) (F). 

Fig. 5. Digital photographs of APAP-tablets and APAP-tablets with a variable 
amount of 4-AP (10 %, 1 %, 0.5 %) before and after submitted to 40ºC (Dark, 
60 % RH), 22ºC (Dark, 60 % RH), 22ºC (Light, 60 % RH) and 22ºC (Light, 86.5 
% RH). 
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Fig. 6. High-resolution combined Raman images (80 µm x 80 µm; 40 000 Raman spectra) of APAP-tablet and APAP-tablets with variable 4-AP amounts 10 %, 1 % 
and large combined Raman images of APAP-tablets_0.5 % (2 000 µm x 2 000 µm, 40 000 Raman spectra or 750 µm x 750 µm; 40 000 Raman spectra) at 40ºC (Dark), 
22ºC (Dark) and 22ºC (Light) after 4 weeks; Combined Raman images (500 µm x 500 µm; 40 000 Raman spectra) of APAP-tablet and APAP-tablets with variable 4-AP 
amounts exposed to 22º C with a relative humidity of 86.5 %. Raman spectra used for the combined Raman image: corn-starch (blue), APAP (red), 4-AP (cyan) and 
amorphous carbon (green). 
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%), exhibit colour changes at the surface, which are more pronounced 
after light exposure at 40ºC and, remarkably effective, in high moisture 
conditions. Note that all the contaminated tablets turned dark brown for 
86,5 % RH. It has been reported that the oxidation of 4-AP produces 
p-benzoquinone monoimine, which slowly hydrolyses to p-benzoqui-
none or reacts with unoxidized 4-AP, giving a brown trinuclear dye (SI, 
Fig. S1) [77]. 

Based on the above results, selected samples were analysed by CRM, 
as depicted in Fig. 6. 

In all experiments, the control APAP-tablet demonstrates the pres-
ence of APAP (red colour) and corn-starch (blue colour). Chemical 
products of degradation or hydrolysis reactions were not observed, 
namely hydroquinone, benzoquinone, 4-nitrophenol or 1,2,4-trihydrox-
ybenzene [78]. This is in line with the reported stability of APAP as a 
stable API, when exposed to light, temperature (below 40ºC) and dry 
conditions during a period of four weeks. Indeed, the photochemical 
stability of APAP has already been reported by Sokół et al. [79], who 
have studied the influence of sunlight on the stability of APAP, and they 
have concluded that APAP is a non-photosensitive compound based on 
chromatographic data. 

For the APAP-tablets contaminated with 4-AP, the tablets exposed to 
22ºC in the dark show the presence of 4-AP (cyan colour) and APAP (red 
colour) in the Raman images after 4 weeks. This result is in line with the 
photographs in Fig. 5, in which no changes in the tablets’ colour were 
observed. 

On the other hand, the spiked tablets exposed to sunlight (22ºC) over 
four weeks exhibited light-brown colour (Fig. 5), which became more 
pronounced in the tablets with the highest load in 4-AP. This result 
suggests that the oxidation/degradation of 4-AP is activated by sunlight 
exposure. The Raman mappings of the APAP samples spiked with 4-AP 
exposed to sunlight (22ºC) revealed the presence of 4-AP (cyan colour) 
and amorphous carbon (green colour). Furthermore, the sample regions 
mapped as amorphous carbon are in the vicinity of 4-AP grains (Fig. 6), 
which seems consistent with photodegradation of the contaminant 
under laser irradiation. This result suggests that the brown compound 
formed by light irradiation is very sensitive to the laser used in the 
Raman image acquisition, and the presence of amorphous carbon is an 
effect of its degradation. We have decreased the laser power but, in these 
conditions, there is significant decrease of the equipment’s sensitivity, 
and no Raman signal was observed. 

Rather than a limitation, this observation can be an indirect way to 
map regions in the tablet sample enriched in the photosensitive 4-AP 
contaminant. As Fig. 6 shows, the 4-AP photodegradation is more 
extensive in conditions of high temperature (40ºC) and 86.5 % relative 
humidity. In these conditions, the Raman images of the APAP-tablets 
contaminated with 4-AP show a layer of amorphous carbon (green 
colour) as the most distinctive feature, which supports the above 
interpretation. 

ATR-FTIR was used to analyse the APAP-tablets with 10 % of 4-AP 
before and after exposure to 86.5 % relative humidity to get informa-
tion about the 4-AP oxidation/degradation (Fig. S2). The FTIR spectra of 
APAP-tablet and 4-AP are also demonstrated for comparison. First, we 
did not observe the 4-AP on the APAP-tablets_10 % (see grey shadows in 
Fig. S2); only APAP was observed. Second, the APAP-tablet_10 % 
exposed to 86.5 % relative humidity did not demonstrate any additional 
bands that could explain the changes in the tablet colour (black colour). 

Thus, our finding opens up future studies on using this photochem-
ical process for Raman image probing of 4-AP in pharmaceutic products. 

4. Conclusion 

In conclusion, Raman imaging has been demonstrated as a valuable 
tool for getting information on the distribution and homogeneity of the 
API and excipients present on APAP pharmaceutical tablets. By carefully 
inspecting APAP-tablet Raman maps, it was possible to identify the API 
and the two main excipients (corn-starch and stearic acid) and observe 

the dimension/size of the respective grains. 
For the first time, it was demonstrated that 4-AP in APAP-tablets can 

be detected as low as 0.05 % w|w, by using Raman images of labo-
ratorial spiked samples. This result is auspicious because non- 
destructive quality control practices can be developed, which include 
Raman measurements performed in the factory assembly. 

Unlike the pure APAP-tablets, samples contaminated with 4-AP 
suffer chemical degradation, which confers brown colouration to the 
tablets and result in a photosensitive 4-AP contaminant (amorphous 
carbon) detected in the Raman maps. This degradation process was more 
pronounced for samples having a higher amount of 4-AP, at higher 
temperatures and high relative humidity. 
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[57] S. Šašić, Raman mapping of low-content API pharmaceutical formulations. I. 
Mapping of alprazolam in Alprazolam/Xanax tablets, Pharm. Res 24 (2007) 58–65, 
https://doi.org/10.1007/s11095-006-9118-y. 

[58] H. Nie, Z. Liu, B.C. Marks, L.S. Taylor, S.R. Byrn, P.J. Marsac, Analytical 
approaches to investigate salt disproportionation in tablet matrices by Raman 
spectroscopy and Raman mapping, J. Pharm. Biomed. Anal. 118 (2016) 328–337, 
https://doi.org/10.1016/j.jpba.2015.10.024. 

[59] C.F. Marques, S.M. Olhero, P.M.C. Torres, J.C.C. Abrantes, S. Fateixa, H.I. 
S. Nogueira, I.A.C. Ribeiro, A. Bettencourt, A. Sousa, P.L. Granja, J.M.F. Ferreira, 
Novel sintering-free scaffolds obtained by additive manufacturing for concurrent 
bone regeneration and drug delivery: Proof of concept, Mater. Sci. Eng. C. 94 
(2019), https://doi.org/10.1016/j.msec.2018.09.050. 

[60] L. Menilli, A.R. Monteiro, S. Lazzarotto, F.M.P. Morais, A.T.P.C. Gomes, N.M. 
M. Moura, S. Fateixa, M.A.F. Faustino, M.G.P.M.S. Neves, T. Trindade, G. Miolo, 
Graphene oxide and graphene quantum dots as delivery systems of cationic 
porphyrins: photo-antiproliferative activity evaluation towards T24 human 
bladder cancer cells, Pharmaceutics 13 (2021) 1512, https://doi.org/10.3390/ 
pharmaceutics13091512. 

[61] A.R. Monteiro, C.I.V. Ramos, S. Fateixa, N.M.M. Moura, M.G.P.M.S. Neves, 
T. Trindade, Hybrids based on graphene oxide and porphyrin as tools for detection 
and stabilization of DNA G-quadruplexes, ACS Omega 3 (2018) 11184–11191, 
https://doi.org/10.1021/acsomega.8b01366. 

[62] Â. Semitela, S. Carvalho, C. Fernandes, S. Pinto, S. Fateixa, H.I.S. Nogueira, 
I. Bdikin, A. Completo, P.A.A.P. Marques, G. Gonçalves, Biomimetic graphene/ 
spongin scaffolds for improved osteoblasts bioactivity via dynamic mechanical 
stimulation, Macromol. Biosci. 22 (2022), 2100311, https://doi.org/10.1002/ 
mabi.202100311. 

[63] S. Fateixa, H.I.S. Nogueira, T. Trindade, Carbamazepine polymorphism: a re- 
visitation using Raman imaging, Int J. Pharm. 617 (2022), 121632, https://doi. 
org/10.1016/j.ijpharm.2022.121632. 

[64] S. Fateixa, H.I.S. Nogueira, J.A. Paixão, R. Fausto, T. Trindade, Insightful 
vibrational imaging study on the hydration mechanism of carbamazepine, Phys. 
Chem. Chem. Phys. 24 (2022) 19502–19511, https://doi.org/10.1039/ 
D2CP02185D. 

[65] H. Carruthers, D. Clark, F.C. Clarke, K. Faulds, D. Graham, Evaluation of laser 
direct infrared imaging for rapid analysis of pharmaceutical tablets, Anal. Methods 
14 (2022) 1862–1871, https://doi.org/10.1039/D2AY00471B. 

[66] B.N. Khlebtsov, D.N. Bratashov, N.G. Khlebtsov, Tip-functionalized Au@Ag 
nanorods as ultrabright surface-enhanced Raman scattering probes for bioimaging 
in off-resonance mode, J. Phys. Chem. C. 122 (2018) 17983–17993, https://doi. 
org/10.1021/acs.jpcc.8b04772. 

[67] J.B. Nanubolu, J.C. Burley, Investigating the recrystallization behavior of 
amorphous paracetamol by variable temperature Raman studies and surface 
Raman mapping, Mol. Pharm. 9 (2012) 1544–1558, https://doi.org/10.1021/ 
mp300035g. 

[68] J.F. Kauffman, L.M. Batykefer, D.D. Tuschel, Raman detected differential scanning 
calorimetry of polymorphic transformations in acetaminophen, J. Pharm. Biomed. 
Anal. 48 (2008) 1310–1315, https://doi.org/10.1016/j.jpba.2008.09.008. 

[69] K. Kachrimanis, D.E. Braun, U.J. Griesser, Quantitative analysis of paracetamol 
polymorphs in powder mixtures by FT-Raman spectroscopy and PLS regression, 
J. Pharm. Biomed. Anal. 43 (2007) 407–412, https://doi.org/10.1016/j. 
jpba.2006.07.032. 

[70] C. Li, D. Zhang, M.N. Slipchenko, J.X. Cheng, Mid-infrared photothermal imaging 
of active pharmaceutical ingredients at submicrometer spatial resolution, Anal. 
Chem. 89 (2017) 4863–4867, https://doi.org/10.1021/acs.analchem.6b04638. 
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