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ABSTRACT

Excipient’s homogeneity is of paramount importance during the development of pharmaceutical
formulations due to its relation to stability, safety and efficacy. A direct and unique approach to
evaluate such property is 3D Raman imaging. This technique characterizes the surface and inner
part of preformulation samples, allowing to determine phase separation in the early stages of
pharmaceutical development. Aiming to promote controlled release of the local anesthetic
butamben (BTB), confocal 3D Raman microscopy was used to obtain its optimal proportion in
Apifil®, Capryol® 90 and Transcutol®. Even if the microscopic images of some samples displayed
very homogeneous surfaces, analysis of 3D maps showed that chemical distribution throughout
the material was different. To investigate how concentration affects the homogeneity, mixture
experimental design (DoE) was employed. From this analysis, it was revealed that correct amount
of Capryol® 90 enhances both miscibility and solubility. Furthermore, suitable miscibility was
observed in two ratio proportions of excipients: Solution 1: Apifil® 30.00%, Capryol 20.00% and
Transcutol 10.00% (w/w), with a desirability of 0.783; and Solution 2: Apifil® 25.00%, Capryol
25.00% and Transcutol 10.00% (w/w), with 0.742 desirability. These results unequivocally
demonstrated that confocal Raman microscopy combined to DoE can bring pharmaceutical

development to a higher level.



GRAPHICAL ABSTRACT

1. INTRODUCTION

Local anesthetics (LAs) originate from the leaves of a South American indigenous plant
(Erythroxylon coca). LAs are used to attenuate or eliminate local pain in medical and dental
procedures through various routes of administration, such as injective, topical, dermal and
mucosal. Identification of the active principle of Erythroxylon coca (the alkaloid cocaine) led to
the synthesis of numerous benzoic acid derivatives, such as benzocaine and butamben. Nowadays,
aminoester and aminoamides are the most common families of clinically used LAs,!* generally
formed by an aromatic ring plus an intermediate amide chain. Changes in these portions modify
the lipid/water distribution coefficient and the protein-binding characteristics, and in turn,

markedly alter the anesthetic potency.>

In dentistry, topical anesthetics are widely applied for pain management, including
benzocaine and butamben (BTB). However, anesthesia failure is a well-known effect in patients
with acute endodontic pain. To overcome this challenge, encapsulation of BTB in lipid carriers
was shown to promote controlled release and enhance its efficacy without inducing any side
effects.>* Nonetheless, further improvements on the global miscibility of these drug delivery

systems (DDS) are still needed. However, achieving formulation homogeneity, and consequently,



stability, safety and efficacy can be challenging.’ In the case of BTB, obtaining a homogenous
mixture with lipidic excipients is not straightforward since it belongs to BCS (Biopharmaceutical
Classification System) Class II, however it presents the “brick dust” behavior, 1.e. even though it

is poorly water soluble, it also presents poor solubility in lipids.°®

Homogeneity can be evaluated either in a macroscopic way, by visual inspection and using
microscopic imaging, especially chemical imaging methods that allow evaluating the chemical
distribution.”® . To this end, the non-destructive, label-free and reagent (solvent)-free inherent
features of infrared spectroscopy and Raman scattering enables identifying ingredient distribution,
providing for the optimization of the final product quality. Several methods were developed to
analyze the chemical images, such as the distributional homogeneity index (DHI, an index based
in macropixels and continuous-level moving block)!?, Poole-index (where the algorithm binarized
the maps and works with non-overlapping macropixels)!' and variographic analysis (where the
variance values are estimated by comparing pairs of observations at different lags)'?, which have
brought progress in describing sample homogeneity.'*!* For instance, Ma et al.'> have successfully
used near infrared (NIR) images and DHI to evaluate the homogeneity of commercial

chlorpheniramine maleate tablets. Mitsutake et al.'®

used Raman imaging and DHI to compare the
homogeneity of natural and synthetic lipid in mixtures used to do nanostructured lipid carriers

(NLC). More recently, our research group showed that 3D images might be required for

visualizing drug overload when surface analysis is not sufficient.®

In particular, Raman confocal microscopy enables 3D images acquisition that can be

crucial in some situations, including pharmacological, biological and pharmaceutical studies. For

1.17

instance, Gotter ef al."’ applied this approach to follow the dithranol (antipsoriasis) diffusion in

artificial acceptor membranes using semisolid formulations, while Chen et al.'® tracked the fate of



the anticancer drug cisplatin in cells, proving the great potential of this technique for theragnostic
purposes. Likewise, mycobacterial infections in zebrafish embryos as well the distribution of
proteins, lipids, carotenoids and tissue characterization were successfully imaged by Raman

confocal microscopy. '

In this work we discuss the power of confocal 3D Raman images in the development of
new lipidic pharmaceutical formulations by determining changes in miscibility at the surface and
in the inner parts of a new DDS designed for BTB. In addition, mixture design of experiments led

to the determination of suitable proportions between API and excipients.

2. EXPERIMENTAL SECTION

2.1. Raw Material

Butamben (butyl 4-aminobenzoate, hereafter BTB) was purchased from Fluka Analytical
(> 98.0%, w/w). Apifil® GC, the first wax derivative created by Gattefossé, based on beeswax and
functionalized with polyethylene glycol-8, Capryol® 90, (propylene glycol monocaprylate) is a
nonionic water-insoluble surfactant that can be used as cosurfactant, and Transcutol® GC,
(diethylene glycol monoethyl ether), a solvent and solubilizer used for enhancing solubility and
bioavailability in oral and alternative routes were donated by Gattefossé (France). All samples

were analyzed as received.

2.2. Pre-formulation preparation method: Simplex-Lattice Mixture Design of Experiments

Simplex-lattice mixture design of experiments (DoE) was employed to develop the DDS

studied here. BTB concentration was fixed at 40.00% (w/w), while the excipients concentration



range varied between 10.00 to 40.00% (w/w) as shown in Table 1, where the data is organized by

Capryol® 90 concentration.

The sample preparation consisted of heating the solid excipient, Apifil®, 10°C above its
melting point (Tmeting= 59 °C) and keeping the sample at this temperature until it was completely
melted. Then, BTB was added to the mixture of liquid excipients, Capryol® 90 and Transcutol®,
under stirring conditions until a visually homogeneous mixture was obtained. Afterwards, this

mixture was added into the heated solid lipid, and mixed again. The obtained samples were

deposited in Petri dishes and kept at room temperature (25 = 1 °C).

Table 1. Composition of the pre-formulation samples in the mixture DoE. Run refers to the random

order of image acquisition.

Transcutol
Apifil® Capryol .
Sample  Run Concell)ltration* Concerll)tr)z’ltion* Concer;tratlon
AM3 11 10.00 10.00 40.00
AM16 1 10.00 10.00 40.00
AMB 15 20.00 10.00 30.00
AMS 10 30.00 10.00 20.00
AMI 7 40.00 10.00 10.00
AM14 2 40.00 10.00 10.00
AMI3 16 15.00 15.00 30.00
AMI1 5 30.00 15.00 15.00
AMI10 13 10.00 20.00 30.00
AM7 12 20.00 20.00 20.00
AMA4 8 30.00 20.00 10.00
AMI17 17 30.00 20.00 10.00
AM9 4 10.00 30.00 20.00
AMI2 3 15.00 30.00 15.00
AM6 9 20.00 30.00 10.00
AM2 14 10.00 40.00 10.00
AMIS 6 10.00 40.00 10.00
* 9% (W/W)



2.3. Raman Confocal Imaging

Raman volumetric images were collected using the inVia™ confocal Raman microscope
and the Wire v. 5.4 software (Renishaw, Gloucestershire, UK). The samples were deposited on
Petri dishes and exposed to a laser excitation of 785 nm, laser power of 10 mW, dispersed by a
1200 lines/mm grating, CCD detector, spectral range from 715 to 1806 cm™! and exposition for 1
sec. A 50x long distance (N.A. 0.50) objective was used giving a spatial resolution of 10 pm and
0.6 um of depth of focus. Cube of data (X X Y X Z X A, where X, Y and Y are the pixel numbers
in x, y and z axis and A is the number of Raman shifts) with dimensions ranging from
15%15%x4x1015 to 30%x30x4x1015 were obtained. The step size at x, y and z axis was 3 pm. To
avoid excess time consuming to map all surfaces, acquisition time between 2 to 3 hours, were

obtained for each sample from Table 1.

Cosmic rays were excluded from the Raman spectra using the algorithm developed by
Sabin et al.?° The data cube was unfolded to a 2D matrix and asymmetric least squares were used
for baseline correction. All spectra were normalized using unit vectors. Preprocessing was
performed using Matlab version 8.3 (Mathworks Inc., Natick MA, USA) and PLS toolbox version

8.6.2 (Eigenvector Research Inc., Wenatchee, WA, USA).

2.4. Chemometric Analysis — Chemical Maps Using Classical Least Squares (CLS) and Mixture

DoE

Prior to the chemometrics analysis, Raman spectra of the pure compounds and mean

spectra from the maps were compared. As no changes in the spectral features were observed, such



as new peaks or their disappearance, the use of CLS is justified.?! This algorithm is based on the

bilinear model shown in Equation 1:

D= CST (1)
where: D (XYZ x 1) is 2D matrix with sample spectra, C (XYZ % A) contains scores related with

the compound concentrations, ST (A x L) contains the spectra of the pure compounds and A is the
number of components, which in our case is 4.

Subsequently, chemical maps were obtained by refolding scores. DHI was calculated in
‘extended maps’ where each layer was added one after the other (Figure 1). First, the distribution
map was built by all possible macropixels of 2 x 2 original pixel size, this step was repeated until
there was a single macropixel of size equal to that of the whole distribution map. The standard
deviation was calculated for each macropixel size and plotted against its size, generating the
homogeneity curve. Then the distribution map was randomized, and the homogeneity curve
computed. DHI is given by the ratio between original map and random maps. The randomization

step was repeated 100 times.'°

2D extended map

3D Chemical map

x*z

Figure 1. Conversion from 3D chemical map (X X Y X Z) to 2D (XZ X Y) extended map used

for the DHI calculations.



Each map gave a histogram of CLS scores frequency where mean values for each
compound could be extracted. The standard deviation was calculated from the mean values
obtained for each map (STDmaps). STDmaps from different regions for the same sample were used
as input for mixture DoE. If the sample is heterogeneous, a high STDmaps value for the surface
analysis will be obtained, while for extended 2D maps the DHI is larger than in cases of similar

concentrations in different layers.

CLS models were built using Matlab version 8.3 (Mathworks Inc., Natick MA, USA) and
PLS toolbox version 8.6.2 (Eigenvector Research Inc., Wenatchee, WA, USA). The mixture DoE
models and regression analysis were carried out using Design Expert version 11 (Stat-Ease Inc.,

Minneapolis, MN, USA). Significance level was 0.05 for all analysis.

3. RESULTS AND DISCUSSION

3.1. Microscopic inspection and 3D Raman imaging analysis

Figure 2 shows the mean spectra of each map of sample AM1 (Table 1), compared to the pure
compound spectrum, in order to identify new peaks or changes in Raman shift. As explained in
Materials and Methods Section, CLS can be employed in this case because no changes in the

spectral features were observed.
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a) Apifil® b) Capryol®
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Figure 2. Comparison between pure compound spectrum (----) and mean spectra from Raman
maps taken for the sample AM1 (see Table 1) for: a) Apifil®, b) Capryol® 90, ¢) Transcutol®

and d) BTB.

As shown in Figure 2, other than the vibration at 1600 cm™!, unique to BTB and assigned
to C=C in the aromatic ring and N-H bond,?? there were no selective regions to build univariate
maps of excipients. This implies that the use of multivariate models was the most suitable way to

obtain 3D chemical maps for each sample. Nevertheless, before proceeding with the image

11



analysis, we will discuss the results based on a visual inspection of the visible images obtained by
confocal microscopy, as shown in Figure 3 and Figure S1 (Supporting Information). This simple

approach allowed us to divide the samples into 3 groups:

(1) Very heterogeneous, group 1: samples AM5, AMS8 and AM16 showed a heterogeneous
surface with darker and rougher regions (Figure 3a). These were the samples with the lowest
Capryol® 90 concentration. Samples AM1 and AM3, with 10% w/w of the liquid lipid also have

some heterogeneities in the surface.

(i1)) Homogeneous with smoother surfaces, group 2: samples AM2, AM6, AM7, AM9,
AM10, AM12, AM13 and AM15, which contain until 20.00% (w/w) of Caproyl® 90, showed
homogeneous and smoother surfaces (Figure 3b). Despite this, black spots in samples AM6 and

AM7 might be a representation of different compositions.

(i11)) Homogeneous with rougher surfaces, group 3: Samples AM4, AM11, AM14 and
AM17, prepared with more than 30.00% (w/w) of Apifil® and lower concentrations of Transcutol®,

have homogeneous but rougher surfaces than the previous ones (Figure 3c¢).

12



a b
) Group 1 (Sample AM8) ) Group 2 (Sample AM7)

C) Group 3 (Sample AM4)

Figure 3. Confocal visible microscopic images from selected samples representing the 3 groups:
a) very heterogeneous (AMS), b) homogeneous and smooth surface (AM7) and ¢) homogeneous

and rough surface (Scale bar = 100um).

Group 1 — Heterogenous surface and depth distribution.

Chemical maps from a representative region of sample AMS are shown in Figure 4.
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Figure 4. Volumetric Raman images obtained for a sample belongs to the very heterogeneous
category (AMS) in the selected region 1 (red square in (e)) for: a) Apifil®, b) Capryol® 90, c)

Transcutol® and d) BTB (Scale bar = 100um, x axis = 560 um, y axis = 860 pm).

For sample AMS, maps in region 1 (Figure 4) and region 3 (Figure S4) (the black spots
observed in the surface and highlighted in the inset of Figure 4e and Figure S4e (Supporting
Information) were basically composed of pure Apifil®. However, there is a clear difference of
composition below —6 pm: Apifil® is more concentrated in the surface (red) than inside the sample
(yellow). On the other hand, the other excipients (Capryol® 90 and Transcutol®) are more
concentrated in the internal layers (blue outside and green inside) (Figure 4). More homogeneous
regions were also found in this sample and are represented in regions 4 and 5 (Figure S5 and S6).

Surprisingly, concentration differences when comparing different depths were also detected in

14



these parts. For example, BTB and Apifil® have hotter colors from —3 pum and above and the
inverse is true for the liquid compounds. All this information gives clear indications of phase
separation, with solid compounds located closer to the surface. In addition, the histograms of the
region 1 are shown in Figure S2, where the heterogeneity of Apifil and BTB is highlighted when
compared with Capryol® 90. Observing Table 1, the samples in this group have the lowest

Capryol® 90 concentrations, 10% (w/w).

Group 2 — Homogeneous and smooth surfaces, but heterogenous depth distribution.

Chemical maps from a representative region of sample AM7 are shown in Figure 5.

15



Figure 5. Volumetric Raman images obtained for a sample belongs to the homogeneous and
smooth surface category (AM7) in the region 3 (red square in (e)) for: a) Apifil®, b) Capryol® 90,

¢) Transcutol® and d) BTB (Scale bar = 100um, x axis = 560 pm, y axis = 860 pum).

In the smoother AM7 sample (Figure 5), the surface shows more solid lipid than in the
internal layers, while liquid excipients are more concentrated in the deeper parts of the sample,
i.e., below —6 pm. Similar observation was found for all samples where the concentration of liquid
excipients, Capryol® 90 + Transcutol® is higher than 40% (w/w) (samples AM2, AM6, AM7,
AM9, AM10, AM12, AM13 and AM15). In this sense, even if the excess of liquid excipients is
expected to enhance miscibility of the API, here it induces phase separation. Similar behavior was

found in all regions (Figures S7 to S10, Support Information).
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Group 3 — Rough surfaces but homogeneous depth distribution.

Chemical maps from a representative region of sample AM4 are shown in Figure 6.

a) Apifi b) Capryol

Figure 6. Volumetric Raman images obtained for a sample belongs to the homogeneous and
rough surface category (AM4) in the region 4 (red square in (e)) for: a) Apifil®, b) Capryol® 90,

¢) Transcutol® and d) BTB (Scale bar = 100um, x axis = 560 um, y axis = 860 pm).

Differently from the other two groups, both surface and different layers were
homogeneous. Thus, these samples show good miscibility without phase separation. In this
classification, the amount of Transcutol® was below of 15% (w/w) and of Apifil® above 30%

(W/w).
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The importance of 3D imaging in the evaluation of miscibility is summarized in Table 2
and the main features are highlighted in italic. One important feature found in our samples is that
a higher concentrations of Capryol® 90 and lower concentrations of Transcutol® provided better
miscibility. However, if the concentration of Apifil® is low, phase separation occurs. Thus, a

mixture DoE was used to find a good ratio between the excipients.

Table 2. Main conclusions obtained from Raman imaging in relation to confocal microscope

image, chemical maps results and excipients concentrations, where the most important features

are highlighted in italic.

Visual

Group Inspection I?llsle::(l:g(z)llll Experimental Concentration
and Samples P
[Capryol® 90] = 10%(w/w)
Heterogeneous 10% (w/w) < [Apifil®] < 40% (W/wW)
T
AMS, AMS, lavers 10% (w/w) < [Transcutol®] < 40% (w/w)
AM16) Y
20% (w/w) < [Transcutol® + Capryol® 90] <
50% (w/w)
Homogeneous 15% (w/w) < [Capryol® 90] < 40%(w/w)
and smooth Surface .
(AM2, AM6 homogeneous 10% (wiw) < [Apifil®] < 20% (w/w)
2 Al\g’/[’?é\”’ . terjggneous 10% (w/w) < [Transcutol®] < 30% (w/w)
AMA};[AII;/;B’ in layers 40% (w/w) < [Transcutol® + Capryol® 90] <
50% (w/w)
10% (w/w) < [Capryol® 90] < 20%(w/w)
Homogeneous 30% (w/w) < [Apifil®] < 40% (w/w)
, gt Momosmeos
(AM4, AM11, lavers 10% (ww) < [Transcutol®] < 15% (w/w)
AM14, AM17) Y

20% (w/w) < [Transcutol® + Capryol® 90] <
30% (w/w)

18



3.2. Mixture Design of Experiments

Table 3 shows input concentrations and the responses used in the mixture DoE.

Table 3. Standard deviation of maps (STDmaps) and Distributional Homogeneity Index (DHI) used

as output parameters for the mixture DoE of the three groups of samples.

Sample Apifil® Capryol® 90 Transcutol® BTB

GI'OllP Sample STDmaps DHI STDmaps DHI STDmaps DHI STDmaps DHI

AMI 8.36 2.89 1.39 2.1 4.23 4.07 2.37 3.61

AM3 20.82 2.83 0.54 1.81 3.48 3.28 9.33 3.43

1 AMS 10.1 3.67 0.91 2.55 1.77 4.64 3.13 3.78

AMS 21.71 2.98 1.24 2.07 291 4.26 7.6 3.04

AMI16 15.58 2.93 0.94 1.93 1.57 3.85 4.77 3.51

AM?2 0.24 1.65 0.18 1.35 0.25 2.7 0.07 2.47

AM6 0.48 231 0.49 1.96 1.48 3.9 0.76 3.82

AM7 0.27 2.25 0.22 2.06 0.44 4.43 0.24 4.1

AMO 0.1 2.18 0.06 1.86 0.18 4.23 0.08 4.15

2 AMIO0 16.55 2.18 0.64 1.92 0.54 3.74 6.59 3.16
AMI12 0.15 1.82 0.14 1.75 0.13 3.63 0.08 3.49
AM13 0.33 1.92 0.2 1.84 0.09 3.81 0.04 3.66
AM15 0.16 1.87 0.17 1.56 0.55 3.82 0.29 3.79
AMA4 0.3 1.44 0.37 1.46 0.31 2.12 0.07 2.05

3 AM11 11.61 2.36 0.89 1.71 1.65 2.84 3.81 2.47

AM14 6.4 2.64 0.88 1.82 0.38 2.07 1.89 3.05

AM17 2.31 1.93 1.13 1.59 0.54 3.81 0.47 3.74

Experimental design followed the lattice arrangement®. Sheffé models were built to
describe the relationship between the concentrations and responses STD and DHI. Significant
models were obtained for STDmap of Apifil®, Capryol® 90 and BTB, while DHI values were also
significant for the lipids, i.e., Apifil® and Capryol® 90. The results are summarized in Table 4,
from which we conclude that some responses, such as STDmaps and DHI of Apifil®, require more

complex models other than linear ones. The significance level for ANOVA tests was 0.05.
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Table 4. ANOVA summary of DoE results. The models were built using the lattice method in
which the selection of composition points over all possible mixtures of components is obtained

by analyzing the responses giving a uniform distribution of points.

Degrees of -
Parameter Model Freedom p-value Significant
STDmap — Apifil®  Special Quartic 8 0.0028 Yes
Lack of Fit 4 0.0834 No
DHI - Apifil® Cubic 9 0.0037 Yes
Lack of Fit 3 0.3112 No
SDTmap - .
Capryol® 90 Linear 2 0.0018 Yes
Lack of Fit 10 0.7998 No
PHI = Capryol® Cubic 9 0.0277 Yes
Lack of Fit 3 0.2869 No
STDmap - BTB Linear 2 0.0020 Yes
Lack of Fit 10 0.2964 No

An auxiliary way to evaluate the quality of the model is to analyze the behavior of the fit
parameters and residuals, as shown for the DHIapifii (Figure 7). The normal plot of residuals (Figure
7a) indicates that residuals of the models follow a normal distribution, i.e., random behavior.
Considering the randomness (Figures 7a and 7b), homoscedasticity (Figure 7b), and independency
(Figure 7c) were observed, we can conclude that indeed the model describe the data well. Also, as
the plot of predicted vs. actual values (Figure 7d) is satisfactory, the surface generated is suitable

for our purposes. Similar outcomes were found for all other parameters (Figures S15 to S18).

Table 5 shows the values of the b coefficients, calculated by least squares linear
regression and that described the surface/mathematical model, obtained for each term in mixture

DokE for all significant inputs.

20



(1) Bold implies p < 0.05 and indicates the effect is very significant, while italic values

indicate that p is between 0.05 and 0.1 and reflects an important effect.
(i1)) Empty spaces denote that the coefficient is insignificant, p > 0.1.

(i11) Main effects, represented by a single letter in Table S1, were significant for the

parameters studied.

(iv) Secondary and ternary effects, represented by more than one letter in Table 5, indicate
that interactions between the excipients were important for all DHI values. On the other hand, for

STDmap of Capryol® 90 and BTB maps these interactions were not significant.

Table 5. Coefficients obtained by mixture DoE model for each output. The statistical p-value is

represented in italic if p < 0.1 and in bold if p < 0.05. Empty spaces mean not significant

coefficients.
A B C AB AC BC ABC AB(A-B) AC(A-C) BC(B-C) A’BC ABC?
STDmap Apifil 6.60 -0.45 19.61 669.43 -1299.23
DHI Apifil 275 1.75 2.86 2.26 -13.34  -5.55 5.53

STDmap Capryol 1.11 0.03  0.67

DHI Capryol 196 145 186 0.06 1.73 1.01 -537 -4.10 2.33 0.0041

STDmap BTB  1.84 -0.82 6.60

A= Apifil®; B = Capryol® 90; C= Transcutol.
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a) Normal Plot of Residuals b) Residuals vs. Predicted
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Figure 7. Diagnostic plots of DHI for Apifil: a) normal plot of residuals, b) internally studentized
residuals vs. predicted values, ¢) internally studentized residuals vs. Run number and d) predicted

values vs. Experimental values.

Figure 8 depicts the contour maps for each output showing the regions with higher
homogeneity on the surface composition (lowest STDmaps) and the regions with similar layer

composition (lowest DHI values). The main findings from this analysis were:
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(1) for the excipients, higher concentration of Capryol® 90 and at least 20% (w/w)
concentration of Apifil (blue part on Apifil® and Capryol® 90 STDmap surface, Figures 8a and 8c)
are expected to give more homogeneous samples. Despite this, the highest value from BTB

STDmap, red in this response surface, Figure 8e, shows a high concentration of Capryol® 90.

(i1) DHI was very affected by differences in layer composition, implying that analysis of this

parameter can be used to avoid bad excipient proportions.

(i11)) DHI response corroborates with our visible image description in which the region with
highest heterogeneity corresponds to lower concentration of Capryol® 90. This happens because
Capryol® 90 acts as a ‘bridge’ between Apifil® and Transcutol®, i.e., it has a good miscibility

with both compounds.

(iv) Finally, regions with higher concentration of Transcutol® are more heterogeneous due

to its hydrophilicity as seen in Figure 8.

Based on this outcome, an optimization step was followed to minimize DHI, STDmap and
Transcutol® concentration and maximize Apifil® concentration to avoid phase separation. Two

solutions were found:

e Solution 1: Apifil® 30.00% (w/w), Capryol 20.00% (w/w) and Transcutol 10.00%

(w/w), with desirability of 0.783; and

e Solution 2: Apifil® 25.00% (w/w), Capryol 25.00% (w/w) and Transcutol 10.00%

(w/w), with desirability of 0.742.
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Sample AM4, which chemical maps are shown in Figure 6, has the same composition of
Solution 1. It is striking that this sample had indeed the same aspect in all images without
differences in composition between the layers, indicating the suitability of the approach followed

here aiming to design clever experiments that will result in excipient homogeneity in

preformulation stage.
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4. CONCLUSIONS

Confocal Raman microscopy combined with mixture DoE allowed predicting suitable
formulations of the local anesthetic BTB for nanostructured lipid carriers. Homogeneity evaluation
was visually analyzed in a random manner, to avoid bias, by means of microscopic image. From
this procedure, the samples were grouped based on the different morphologies. Samples with the
smallest Capryol® 90 concentration, that due its miscibility acts as a bridge with all compounds,
showed very heterogenous surface (Group 1). Homogeneous and smooth surfaces were observed
for those with concentration of liquid excipients higher than 40% (w/w) and Apifil® below of 20%
(w/w) (Group 2). Finally, the third group, composed of samples with homogeneous and rough
surfaces, had Capryol® 90 concentration ranging from 10.00 to 20.00% (w/w).

Following this step, 3D Raman imaging was used to differentiate the internal chemical
distribution of Groups 2 and 3. Moreover, by combining Raman images with mixture DoE an
overall view of the sample’s behavior was obtained. From the output parameters, DHI and STD,
and evaluation of the different compositions and surfaces, a distinction between excipient
distribution in the layers was observed. This highlights the importance of excipients concentration
in the sample homogeneity. A crucial observation was that even if higher concentration of liquid
lipid, Capryol® 90, lead to a more homogeneous and smoother surface (Group 2), the samples
showed different concentrations in the depth profiles. Finally, the model built using this
methodology allowed to find that the sample with the highest desirability is a DoE point (sample
AM4) — which belongs to group 3. Future steps of this research foresee the development of

pharmaceutical formulations using this determined excipient proportions.
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Figure S1. Confocal visible microscopic images of all samples used during Raman mapping.
Red squares marked where the maps were made (Scale bar = 100um, x axis = 560 um, y axis =

860 pm).
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Figure S3. Volumetric Raman images obtained for a sample that belongs to the very
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Figure S9. Volumetric Raman images obtained for a sample belongs to the homogeneous
and smooth surface category (AM?7) in the region 4 (red square in (e)) for: a) Apifil®, b)
Capryol® 90, ¢) Transcutol® and d) BTB (Scale bar = 100um, x axis = 560 um, y axis =
860 um).



a) Apifil b) Capryol

] - -
60 - 0
-3 - -
o - s
_— E
£
40 B
6. ) 10
» -
0 — 15 e)
L 60 o — S .
60| e > Eenne e
=S == w0
o 5 - -
’*e/,vu a D e
/%@, ol " g\"\“ﬁ
i
Transcutol Butamben 5
o0
0. =
5
I
50
45 -3 au
40 g £
s 6. .
B
25
2 -9
B0
s 20

W
B - m et

: e
S @ ﬂ\\*

Figure S10. Volumetric Raman images obtained for a sample belongs to the homogeneous
and smooth surface category (AM?7) in the region 5 (red square in (e)) for: a) Apifil®, b)
Capryol® 90, ¢) Transcutol® and d) BTB (Scale bar = 100um, x axis = 560 um, y axis =
860 um).



Figure S11. Volumetric Raman images obtained for a sample belongs to the homogeneous
and rough surface category (AM4) in the region 2 (red square in (e)) for: a) Apifil®, b)
Capryol® 90, ¢) Transcutol® and d) BTB (Scale bar = 100um, x axis = 560 um, y axis =
860 um).
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Figure S12. Volumetric Raman images obtained for a sample belongs to the homogeneous
and rough surface category (AM4) in the region 3 (red square in (e)) for: a) Apifil®, b)
Capryol® 90, ¢) Transcutol® and d) BTB (Scale bar = 100um, x axis = 560 um, y axis =
860 um).
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Figure S13. Volumetric Raman images obtained for a sample belongs to the homogeneous
and rough surface category (AM4) in the region 4 (red square in (e)) for: a) Apifil®, b)
Capryol® 90, ¢) Transcutol® and d) BTB (Scale bar = 100um, x axis = 560 um, y axis =
860 um).
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Figure S14. Volumetric Raman images obtained for a sample belongs to the homogeneous
and rough surface category (AM4) in the region 5 (red square in (e)) for: a) Apifil®, b)
Capryol® 90, ¢) Transcutol® and d) BTB (Scale bar = 100um, x axis = 560 um, y axis =
860 um).
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Figure S15. Diagnostic plots of STDmap Apifil: a) normal plot of residues, b) internally
studentized residuals vs. predicted values, c¢) internally studentized residuals vs. Run number

and d) predicted values vs. Experimental values.
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Figure S16. Diagnostic plots of STDmap Capryol® 90: a) normal plot of residues, b)
internally studentized residuals vs. predicted values, ¢) internally studentized residuals vs.

Run number and d) predicted values vs. Experimental values.
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Figure S17. Diagnostic plots of DHI Capryol® 90: a) normal plot of residues b) internally
studentized residuals vs. predicted values, c) internally studentized residuals vs. Run number

and d) predicted values vs. Experimental values.
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Figure S18. Diagnostic plots of STDmap BTB parameter: a) normal plot of residues, b)
internally studentized residuals vs. predicted values, ¢) internally studentized residuals vs.

Run number and d) predicted values vs. Experimental values.
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