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ABSTRACT: The ability to image drug distribution inside a several hundred-micron thick polymer matrix, en-
capsulated by a protective coating, would greatly contribute to the understanding of the performance and short-
comings of drug delivery devices. Here, we present an experimental framework for deep volumetric Raman imag-
ing (dVRI), where common challenges such as low Raman cross section, fluorescence and low transparency of 
samples are overcome. We apply dVRI to a selection of drug delivery forms; tablets with thin protective coatings 
and drug-loaded microdevices. We demonstrate 3D visualization of the different drug/polymeric materials, con-
stituting a drug delivery device, with imaging depth of 225µm. 
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INTRODUCTION 

Three-dimensional (3D) confocal Raman mapping is one of the most promising techniques to study the chemical 
composition of complex organic[1] and inorganic materials[2]. The common way to present Raman data is based on 
peak intensity visualization. However, this method leads to artifacts in the visualization of chemical responses due 
to overlapping of the spectral profiles from different compounds[3]. In order to overcome this problem, several 
chemometric approaches have been developed[4–8]. It has recently been demonstrated that quantitative volumetric 
Raman imaging (qVRI) can be applied to cell culture samples[1] where a Vertex Component Analysis (VCA) algo-
rithm is used[9]. However, qVRI is still a state-of-art technique with few reported applications, mostly due to inter-
ference from molecular fluorescence[10], limited sample transparency at the laser excitation wavelength[11,12], com-
plexity of chemometric analysis[13] and low Raman scattering cross section of the chemical components[4]. Herein, 
we demonstrate that these obstacles can be overcome, using tablets with thin protective coatings and drug-loaded 
polymeric microcontainers (MCs) as challenging test cases. MCs are cylindrical microdevices with only the top 
side open, fabricated in the epoxy polymer SU-8[14]. It has been shown that MCs improve oral bioavailability of 
model drugs due to their unidirectional release[15,16]. Our studied MCs are loaded with a polymer matrix (polyvi-
nylpyrrolidone, PVP) and a drug (i.e. ketoprofen, naproxen) and used for oral drug delivery[15]. The MC material, 
SU-8 is highly fluorescent[17] and the microcontainer cavity, loaded with the PVP/drug matrix (low optical trans-
parency), is approximately 225 µm deep[15]. 
 
The molecular fluorescence of the drug compounds can be suppressed in several ways[18]. However, the most proper 
and common techniques like Kerr-gated Raman[19], UV Raman[20] and near-IR Fourier Transform (FT)-Raman[21] 
are not well applicable to the diffraction limited dVRI due to the limitation connected with confocality or penetra-
tion depth. The most appropriate solution is the usage of near IR lasers (780 nm, 785 nm, 830 nm) as excitation 
sources[13]. For the sole purpose of suppressing sample fluorescence, Nd:YAG lasers with 1064 nm excitation wave-
length are a very attractive solution[22], however, the Raman scattering cross section becomes usually too low for 
dVRI. In this situation, where the fluorescence of drug systems takes place, we decided to use NIR laser with 
wavelength of 785 nm. 
Different drug systems have previously been imaged with Raman spectroscopy. However, the transparency is lim-
ited, even when using a laser at 785 nm excitation wavelength[23]. Using a commercially available Raman micro-
scope equipped with 785 nm laser excitation, we were able to scan only the top 15 µm of MCs[24]. It is important 



 

to mention that in-depth Raman mapping is also limited by off-axis laser refraction effects leading to Raman signal 
attenuation and decreased axial resolution[25–28]. The usual way of addressing this problem is to increase the laser 
power and/or the exposure time. However, the latter leads to an unrealistic total time of 3D map acquisition (>3 
days). Increasing the laser power, instead, overheats and burns the sample. 
Herein, we present an efficient solution to solve the previously discussed problems of dVRI of samples that manifest 
fluorescence and low transparency. This result was achieved by the development of a confocal Raman microscope 
with high Raman signal throughput, optimization of sample mapping method and further chemometric hyperspec-
tral data analysis based on Non-Negative Least Squares (NNLS)[3]. Preliminary experimental results were shown 
in our previous study[29]. Here, we present a detailed description of the optical and analytical solutions implemented 
in the dVRI method. 
 
INSTRUMENTATION 
 
For dVRI, an optical setup should have diffraction limited confocal performance, high throughput from sample to 
detector and spectral resolution limited within a spectroscopic sensor pixel size. 
To match the required conditions, we designed and constructed a high throughput confocal Raman microscope 
based on an on-axis lens type spectrograph (Fig. 1a).  Design of the optics was performed in Zemax Optics Studio 
18.9. As an excitation source, a single mode frequency stabilized laser from Thorlabs LP785-SAV50 (785 nm, 50 
mW) was used. Lenses f1, f2 were used as a beam expander for the proper fit between the diameter of the laser 
beam and the microscope objective pupil lens. A Zeiss objective 100x/0.75 HD DIC was used.

 

 
Figure 1. Deep and highly sensitive volumetric Raman mapping (dVRi). (a) Optical design of the Raman microscope, (b) ex-
ample of an image from the spectroscopic CCD Raman signal; the zoomed region shows that the spectrum is compressed into 
one row on the CCD sensor, (c) Z X Y→ → mapping algorithm applied to the MC measurements for a more homogeneous 
heat distribution, (d) depth dependent acquisition algorithm which exponentially increases the exposure time for each mapping 
z-stack.  



 

 
A detailed description of the microscope’s X,Y,Z scanning procedure has been reported earlier[13].
The collimated Raman beam from the microscope objective is propagated through the dichroic mirror Dm1 and the 
edge filter Ed1 and focused on the spectrograph slit by the lens f3. The spectrograph consists of fused silica trans-
mitting grating (averaged diffraction efficiency 96 %), collimating lens f4 and focusing lenses f5 (see details in[13]). 
As an imaging sensor, we used a near IR enhanced deep cooling CCD (Andor iDus416). 

Due to the aberration corrected Raman system design, diffraction limited axial resolution was reached without 
a classical pinhole[13]. The confocal mode was organized in a cross slit geometry in which, the vertical slit orienta-
tion was implemented in the entrance of the spectrometer and, the horizontal slit orientation was organized on the 
spectroscopic CCD focal plane by the readout of the selected rows. An example of a typical Raman spectrum 
measured with our system is shown in Fig. 1b. In the zoomed region, it is possible to observe that the Raman 
spectrum is compressed into one row on a spectroscopic sensor. Due to the absence of moving parts, extra mirrors 
and the usage of custom aberration corrected optics with NIR coatings, high total Raman system throughput (from 
sample to detector) was reached at the level of 91 %[30]. 
 
METHODS 
 
To address the problem of the Raman signal attenuation taking place in tablets and MCs, we designed and con-
structed a highly sensitive confocal Raman microscope (Fig. 1a). However, even in this case, we verified that the 
Raman signal attenuation at an MC depth of 100 µm was significant and, consequently, the system was insufficient 
for mapping the total depth of the MC (225 µm). As a solution, we decided to increase the laser power delivered to 
the sample from 5 mW to 30 mW. To efficiently remove the heat generated by the laser, a Peltier cooling system of 
the sample holder was implemented. The temperature was kept at 8°C during all 3D mapping experiments. The 3D 
mapping was organized so that the first mapped axis dimension was “Z”, the second – “X” and the third – “Y” 
(Fig. 1c). This approach provided a more homogeneous heat distribution through the volume of tablets and MCs in 
comparison to a traditional mapping where the laser is kept at one Z stack for much longer time. 
In order to maintain the signal-to-noise (SNR) ratio of Raman spectra captured at different depths in the same value 
range, we performed a depth dependent acquisition algorithm which exponentially increases the exposure time for 
each Z stack mapped (Fig. 1d). 
All of the presented volumetric Raman maps were measured at the following conditions: the exposure time per 
point varied from 0.1 s to 3 s (exponentially scaled depending on the mapping depth), the CCD was operated in a 
single track mode with vertical beaning equal to 4 pixels. The step size was 6 and 12 µm in lateral and axial dimen-
sions, respectively, 3D map dimensions were 50x50x25 pixels or 300x300x300 µm. The total measurement time 
per map was equal to 26 h. All spectra were background corrected using rolling-circle filter[31] (circle radius was 
300cm-1). Savitzky-Golay filtering algorithm was applied for data smoothing[32]. All acquisition and data analysis 
procedures including Non-Negative Least Squares (NNLS) were realized in our own software written in Delphi. 
 



 

 
Figure 2. dVRi of a pharmaceutical tablet. (a) Raman spectra of a model tablet consisting of titanium dioxide coating and 
cellulose, (b) depth dependent Raman intensity profile of the tablet matrix (cellulose) before (orange line) and after (blue line) 
exponential correction, (c) depth cross section of the cellulose tablet coated with titanium dioxide, (d) dVRI map of titanium 
dioxide coating represented at peak intensity of Eg mode (635 cm-1) with an imaging depth of 45 µm. 
 
 
RESULTS 
 
As a demonstration example of the performance of dVRI, we used a pharmaceutical tablet consisting of a cellulose 
matrix (Fig. 2). The depth dependent exponential decay of the intensity of the Raman spectrum of cellulose (Fig. 
2a (red line)) is shown in Fig. 2b (orange line). The Raman signal intensity after exponential exposure time correc-
tion is shown in Fig. 2b (blue line). In a homogenous medium, the presented dependence should have a constant 
Raman intensity versus tablet depth. The deviation from constant dependence behavior was caused by inhomoge-
neity of material compression at the stage of tablet production[33]. Nevertheless, we demonstrated that applied cor-
rection can significantly improve SNR ratio in depth dependent Raman mapping. The depth cross section and the 
dVRI map of titanium dioxide coating on the surface of the cellulose tablet represented at peak intensity of Eg 
mode (635cm-1) and is shown on Fig. 2c, 2d (Movie S1). It is possible to observe small titanium dioxide clusters 
on the surface of the tablet. This result demonstrates that dVRi is applicable for coating thickness determination, as 
well as for verification of coating homogeneity. Such information is crucial and can be used to optimize a tablet 
manufacturing process. 
As an example of dVRi applicability for multicomponent polymeric devices for drug delivery, we demonstrate 
results obtained on MCs. Ketoprofen and naproxen are poorly soluble drugs and it was of utmost important to 
evaluate their solid state once loaded into MCs.  The solid state influences the dissolution of the drugs. For the 
purpose of chemical decomposition, we measured Raman spectra of the pure chemical components presented in 
the MCs (Fig. S1a). Following this, we identified the peak positions of amorphous and crystalline drug (ketoprofen), 
PVP, SU-8 and Si with minimum peak overlapping. The selected peaks are 1000 cm-1, 1688 cm-1, 932.5 cm-1, 809 
cm-1 and 520 cm-1, respectively. 
 



 

The Raman intensity-based 3D plots are shown in Fig. S1b. We do not present a map of crystalline ketoprofen as 
the response of crystalline drug was not observed in the Raman map. The problem of overlapping Raman peaks 
prevents the use of univariate data-analysis to map the distribution of components: ketoprofen, PVP and Si re-
sponses are all present on the walls of the MCs (Fig. S1a, S1b). Drawing conclusions on the drug distribution is 
thereby not possible. To solve this issue a chemometric hyperspectral data analysis was applied. 

Species contributions in multicomponent mixtures can be determined from the spectral data using different chemo-
metric techniques[4,8,9]. Most algorithms are based on the fact that the recorded spectra are the weighted sum of pure 
components spectra present in the investigated mixture. Based on this assumption, the unfolded data matrix X may 
be decomposed into a concentration matrix C and a spectral matrix ST 

X=CST+E   (1) 

where E is the residual matrix (Fig. 3a). 

When the pure spectrum of each component is known, their concentration can be obtained directly using a 
classical least squares (CLS) approach[3]: 

C=DS (STS)-1   (2) 

 
 
 

 

Figure 3. Volumetric chemical imaging. (a) Illustration of the NNLS algorithm for the decomposition of hyperspectral Raman 
data into normalized chemical responses, (b) volumetric chemical maps of MCs components (amorphous ketoprofen, PVP, 
SU-8, Si) built after NNLS analysis. The volumetric distribution of fluorescence is shown to the right. 
 

The limitation of CLS lies in the assumption that the separately measured pure spectra of the chemical components 
ST have identical profiles in the mixture (experimentally measured matrix D)[3]. In the case of the MCs analysis, we 
were able to (i) measure the pure spectra of each component (Fig. S1a) and (ii) demonstrate that there were no 
chemical interactions occurring between components in the loaded MCs. Therefore, CLS algorithm was a perfect 
solution for our case study. The LS was limited with two constrains, applied to the matrix C: non-negativity and 



 

normalization. Such algorithm is usually called Non-Negative Least Square (NNLS) analysis[3]. As an extra com-
ponent, in ST we also included a spectrum generated from the lenses of the microscope objective. Finally, we ob-
tained 3D plots of the normalized distributions of amorphous ketoprofen, PVP, SU-8 and Si (Fig. 3b). Microscope 
objective response was excluded from the normalization procedure since it is not involved in the set of chemical 
components of MCs. Comparing with the 3D maps obtained by the peak intensity (Fig. S1b), NNLS decomposed 
maps of MCs components were clearly separated and ready for distribution analysis. 

Since the acquired spectral data set (matrix X) was background corrected, the presence of fluorescence was sub-
tracted from the impact into the decomposition result. However, the residuals obtained after the background sub-
traction were used for the representation of the distribution of fluorescence response (see pink image on Fig. 3b). 
It mainly represents the fluorescence from SU-8 and fluorescent impurities outside of the MC. 

  

Figure 4. Combined volumetric chemical maps of MCs loaded with ketoprofen (a) and naproxen (b) are shown from different 
rotation angles. 
 

In Fig. 4a, we present the combined volumetric chemical maps of the MCs components. It is possible to conclude 
that i) PVP  was homogeneously distributed throughout the MCs, ii) amorphous ketoprofen was deposited on the 
top of MCs walls and over the surface of PVP, iii) no signal from crystalline ketoprofen was recorded as we obtained 
zero values from the crystalline ketoprofen channel, and iv) the Si substrate response was recorded only at the 
bottom of the map. More visual information can be obtained from supplementary Movie S2. 

The universality of the developed method for highly sensitive volumetric Raman chemical imaging of fluorescent 
and highly absorptive samples was tested on several drugs and MCs with different dimensions in our previous 
study[29]. As an example, the distribution of naproxen loaded into the polymer matrix is shown on Fig. 4b (Movie 
S3). In this case, naproxen was concentrated on the top of the MCs, with limited penetration into the PVP matrix. 
A minor amount of crystalline drug was observed outside the MCs (Fig. 4b). It is important to notice that we were 
not able to distinguish crystalline naproxen in our previous work[29] due to incomplete methodology of dVRi. In 
particular, fluorescence impact (see Fig. 3b) was not taken into account.  
 
CONCLUSIONS 
 
A deep and highly sensitive volumetric Raman chemical imaging method has been developed and applied for mon-
itoring the coating thickness on pharmaceutical tablets and the distribution of different components in a drug-loaded 



 

polymer matrix in MCs for oral drug delivery of poorly soluble drugs. According to the location and the solid state 
of the drug, it is therefore possible to better understand and predict its release in vitro and/or in vivo. A confocal 
Raman microscope with improved sensitivity and diffraction limited axial resolution was developed for this pur-
pose. For efficient mapping of the absorptive MCs material, exponential depth dependent exposure correction was 
applied and the sample was kept under continuous cooling for efficient heat removal. The obtained 3D Raman maps 
of MCs have been decomposed into chemical volumetric images by the usage of NNLS analysis, where the signal 
of fluorescence was extracted from background correction as an individual contribution. Crucial information on the 
distribution/state of drugs in the polymer matrix (PVP) in MCs material (SU-8) was hereby obtained. 
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