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Abstract

The quality of Surface-Enhanced Raman Chemical Imaging (SER-CI) rely on several pa-
rameters, among which the uniform deposition of metallic nanoparticles impacts greatly
the result. Optimizing deposition protocols for biological samples is challenging due to
inherent spatial heterogeneity, preventing the distinction between deposition artefacts
and true analyte distribution. However, to optimize the deposition parameters, it is nec-
essary to have a controlled experimental model. This study presents the development
of a repeatable dried gelatine–agarose hydrogel as a controlled analytical substrate with
the uniform spatial homogeneity of diphenhydramine hydrochloride as the experimental
model for further nanoparticle deposition optimization. With its skin-mimicking Raman
fingerprint, the proposed hydrogel enables the systematic evaluation of deposition tech-
niques without biological variability. Confocal Raman imaging performances are as follows:
the normalization-based ratio (I1003/I1469) achieved an intra-day RSD of 3.6–8.2%, inter-day
RSD of 6.5%, and intra-day pixel-wise RSD (%) of 8.3–12.3%. The Distribution Homogene-
ity Index (DHI) confirmed the analyte’s uniform distribution. Drying kinetics modelling
revealed a diffusion-based dehydration process, with repeatable batch production. Ap-
plication of dried hydrogels for SERS chemical imaging confirmed diphenhydramine hy-
drochloride detectability inside the polymeric matrix, with the proportionality of intensity
based on the diphenhydramine hydrochloride concentration. A preliminary performance
comparison of nanoparticle deposition by drop-casting and spray-coating demonstrates
the applicability of the developed model. This standardized matrix provides a reference
platform for evaluating deposition homogeneity, distinguishing method performance from
sample artefacts and accelerating chemical imaging method development and performance
through optimization.

Keywords: chemical imaging; Raman imaging; SERS chemical imaging (SER-CI); hydrogel
substrate; model characterization; mixed modelling; drying kinetics; spatial homogeneity;
silver nanoparticles (AgNPs)

1. Introduction
Pharmaceutical research on topical drug development represents one of the funda-

mental steps in translating drug formulations from laboratory concepts to real clinical
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applications [1]. Among them, one of the research and development steps in this particular
area that stands out is the in vitro permeation testing (IVPT) [2], crucial for the first evalua-
tion of developed formulations. Current regulatory institutions such as the Organisation
for Economic Co-operation and Development (OECD) and the European Medicines Agency
(EMA) have established comprehensive guidelines for implementing diffusion mimicking
protocols, in which the Franz diffusion cells are used to simulate real-life conditions in
topical formulation applications [3–5]. These standardized methods enable the diffusion of
active compounds through various skin models, including real human skin tissues obtained
majorly from surgical donations, porcine skin for its similarity to real human skin, or other
comparable biological models [2].

Practically, the recollected receptor and donor fluids from these permeation studies are
subjected to analysis, primarily based on separative techniques such as High-Performance
Liquid Chromatography (HPLC) to quantify total permeated drug concentrations [6,7].
While this approach represents the current gold standard as preconized by the OECD and
EMA guidelines for its ease of implementation, it provides however no spatial information
about drug distribution and no temporal behaviour during the permeation process [8].
Advanced analytical methods are increasingly being explored to overcome these limitations,
with trends in analytical chemistry pointing towards more sophisticated approaches [9].
Still, challenges remain as other current methods face problems, including the inability
to provide spatial distribution information and limited sensitivity for low-dose formula-
tions [10,11]. There is therefore an urgent need for advanced chemical imaging techniques
that can acquire missing experimental information, therefore bringing the spatial data as
complementary information for the evaluation of drug formulations [1].

Several alternative imaging techniques have been developed for pharmaceutical anal-
ysis including fluorescence-based microscopy [12], Raman imaging [13–17], and Matrix-
Assisted Laser Desorption Ionization Mass Spectroscopy Imaging (MALDI-MSI) [18,19].
On the one hand, fluorescence microscopy, especially coveted in cell metabolomics, offers
several advantages including high sensitivity and selectivity through the use of dyes, spatial
resolution, and real-time imaging capabilities [12], but it presents inherent limitations due
to its dependence on fluorescent dyes that may influence drug properties (among which is
permeability), thus possibly introducing artefacts into permeation studies. Raman imaging
(R-CI) has emerged as a promising label-free imaging technique. Indeed, Raman imaging
does not necessitate analyte labelling via chemical derivatization, eliminating potential
interference in drug permeation studies [14,15], and it is non-destructive and provides de-
tailed structural information about drug distribution within biological matrices [13,20–22].
However, conventional Raman techniques face significant sensitivity limitations, particu-
larly when analyzing low-dose formulations used in topical drug applications [7,20–24]
requiring long acquisition times. Similarly, MALDI-MSI offers the advantage of label-free
detection with limited spatial resolution for drug distribution mapping in skin tissues,
enabling simultaneous quantitative and qualitative analyses of multiple compounds, but
faces limitations including tissue matrix effects, complex sample preparation requirements,
and potential analyte suppression effects that can affect quantification accuracy [18,25,26].

On the other hand, Surface-Enhanced Raman Chemical Imaging (SER-CI), an alterna-
tive analytical technique derived from R-CI, is increasingly implemented to circumvent
the described major limitations [27–30], being interferences from fluorescence and weak
sensitivity [31,32]. However, SER-CI requires deposition of a metallic nanoparticle (NP)
substrate to enhance the Raman signal, making the sample preparation step crucial for the
application of this approach [33,34]. Currently, SER-CI implementation faces specific obsta-
cles coming from sample variability, including the surface inhomogeneity of the molecule of
interest, leading to the cracking of the sample [35–38] and/or the coffee-ring effect [39,40],
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variations in sample thickness, and concentration gradients, all of which can distort the spa-
tial distribution image since the SERS signal is dependent of sample quality, as well as NP
concentration and covering quality [41,42]. Recent developments in SERS substrates and
nanoparticle synthesis, including optimized NP synthesis by several approaches [43–46],
have opened new possibilities for diverse applications, by reducing the variability induced
by NP batches [44,46,47]. Additionally, the covering must be consistently homogeneous in
distribution across the sample surface to enable the localized enhancement of the Raman
signal [41,48]. These sample preparation steps are often prone to variability, introducing a
major source of uncertainty in both signal intensity and spatial accuracy [29,47]. Current
sample preparation protocols include drop-casting [49–51], absorption coating [41], spin-
coating [52], laser-induced depositing [53], and spray-coating techniques [41,48,54,55] to
improve SER-CI performance [42,56,57], all of which require dedicated optimization before
undertaking the analysis of real samples. This need extends beyond skin studies as any
soft matrix system subjected to SER-CI analysis would benefit from such a controlled and
reproducible reference standard for deposition method development and optimization.
In this context, a critical yet often overlooked step is the development of a well-designed,
well-characterized, and repeatable model matrix that can serve as a universal standard for
these deposition approaches, to optimize the SER-CI sample preparation step, while also
being applicable in the context of biomedical studies.

The need to optimize sample preparation processes suitable for dermatological studies
has led to the development of matrices that can mimic skin complexity [58–61]. A central
and distinctive feature of the current polymeric matrix lies in its spectral behaviour: Raman
bands of carefully designed polymeric matrices can closely reproduce those most frequently
encountered in biological tissues, particularly the skin, including characteristic bands
associated with proteins, lipids, and structural biomolecules [2]. This spectral resemblance
provides a realistic and representative chemical fingerprint without the inherent complexity
and variability of native tissue, making such matrices reliable and tuneable standards
for early-stage method development. Beyond spectroscopic relevance, these matrices
offer structural simplicity, repeatability, and compatibility with nanoparticle deposition
protocols, enabling the systematic evaluation of signal homogeneity, spatial resolution, and
SERS substrate coverage in fully controlled settings. This workflow could ultimately enable
the tracking of low-dose active pharmaceutical ingredients or biomarkers within biological
matrices and could be extended to other imaging techniques requiring homogeneous
reference standards.

In this context, the present study aimed at developing a controlled dried polymeric
matrix with Raman spectral skin-mimicking properties, loaded with a model API that could
serve as a reliable reference standard for advanced spectroscopic technique development
for topical drug studies [62–64]. To support the development of a robust analytical platform,
Critical Quality Attributes (CQAs) were defined to frame the expectations and guide the
evaluation of the matrix, focusing on spatial consistency, preparation repeatability, and
compatibility with chemical imaging acquisition techniques. The developed matrix was
systematically evaluated for spatial homogeneity, spectral skin mimicry capabilities, and
preparation repeatability using both analytical metrics and statistical approaches.

2. Results and Discussion
2.1. Matrix Design

Polymers used to design the model matrix present several advantages, which have
been described previously. However, according to their physicochemical properties, the
compatibility with APIs is not universal and needs to be studied. To focus specifically
on matrix–API compatibility, APIs were selected using four pragmatic physicochemical
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descriptors: formulation pH after API addition, aqueous solubility, molecular weight
and lipophilicity described with the logarithm of the partition coefficient P (logP). These
descriptors were used to anticipate API behaviour during dehydration through effects on
API–matrix interactions and drying-driven redistribution, while keeping the preparation
and drying conditions unchanged.

Candidate APIs were pre-screened to remain fully dissolved at the working concentra-
tion, as precipitation and crystallization during solvent evaporation can generate spatial
artefacts and bias apparent heterogeneity. Evaporation-driven transport phenomena are
well documented to cause non-uniform deposition patterns when solutes redistribute
during drying [21]. In parallel, the hydrogel pH after API incorporation was targeted to
remain in a moderately acidic range because gelatine gel properties are pH-dependent and
can weaken outside an appropriate window of pH, i.e., between 5 and 8 [36]. Additionally,
if used in its salt form, the selected API can ensure sufficient aqueous solubility, especially
during the drying process of the hydrogel, thereby preserving gel integrity by preventing
crack formation and crystallization.

Molecular weight and logP were therefore treated as screening variables rather than
sole predictors of mobility, since solute transport in hydrogels is governed by network
mesh size and specific drug–polymer interactions, highly dependent on the system ionic
strength [65]. Notably, the agarose component is primarily hydrophilic, so hydrophobic
binding is mainly attributed to gelatine domains and to interaction chemistry rather than
to the agar itself [66].

Based on these criteria, diphenhydramine hydrochloride was found to generate ade-
quate Raman response and structural stability. Diphenhydramine hydrochloride is a weak
base, in its salt form, with a pKa around 9 [67]; thus, it is expected to be predominantly
protonated under the mildly acidic formulation conditions [36]. Consequently, a strong
electrostatic attraction between gelatine and the protonated forms of the selected APIs is not
anticipated [68]. These observations also indicate that matrix–API compatibility requires a
multi-descriptor evaluation rather than reliance on any single physicochemical predictor.
Gel integrity was preserved upon diphenhydramine hydrochloride incorporation, with no
visible liquefaction, cracking, or crystallization under the selected preparation conditions.
In parallel, the formulation pH after API addition remained in the mildly acidic range with
a value of 5.27, compatible with the gel structure.

Experiments were performed over three independent days, with nine hydrogels
prepared per day, yielding a total of 27 replicates (n = 27) per batch. Dried hydrogel per-
formance was assessed based on the CQAs using (i) Raman imaging for band comparison
between dried hydrogels and reconstructed skin model Episkin® RHE for the skin mimicry
evaluation; (ii) Raman imaging using ratiometric band normalization I1003cm−1 /I1469cm−1 to
mitigate thickness- and focus-related intensity variability issues, combined with the spatial
homogeneity assessment of API distribution; (iii) gravimetric drying curves analyzed to
evaluate repeatability and to characterize drying kinetics and finally; and (iv) preliminary
compatibility testing for SER-CI method development using the polymeric matrix as a
standard, to pre-evaluate the analytical performance of using these types of standards as a
proof of concept. This is presented in Figure 1.
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Figure 1. Design framework for the development of a dried agarose–gelatine hydrogel standard
for Surface-Enhanced Raman Chemical Imaging (SER-CI). Four Critical Quality Attributes (CQAs)
were defined: (i) skin mimicry assessed by Raman imaging and evaluated through band position
comparison; (ii) uniform analyte distribution evaluation, assessed by Raman imaging and evaluated
through relative standard deviation (RSD%) and the Distribution Homogeneity Index (DHI), and
mean intensity across intra-map and inter-replicate measurements; (iii) reproducible drying kinetics
and homogeneous dehydration, monitored by gravimetric measurements to predict drying behaviour
and associated confidence intervals across batches and days; and (iv) SER-CI matrix compatibility,
assessed by comparing drop-casting and spray-coating deposition techniques.

2.2. Spectral Evaluation of Dried Hydrogels
2.2.1. Skin Mimicry of Hydrogels

One of the primary objectives of this work was to develop a dried hydrogel standard
capable of generating a Raman fingerprint signal similar to those encountered in biomedical
matrices, especially human skin tissue. The EpiSkin® RHE model, a commercially available
3D human epidermis model, was used as the spectral reference to guide matrix design and
evaluate spectral concordance [2,17]. The design framework is summarized in Figure 2.
The Raman band assignment table shows that the solid polymeric matrix reproduced
some of the principal spectral features of EpiSkin® RHE stratum corneum (SC) across the
biologically relevant fingerprint region, from 500 to 1800 cm−1, supporting its suitability
as a skin-mimicking standard for Raman imaging and derived techniques [2,22]. This
specific combination was selected to ensure complementary functional requirements: agar
contributes to a rigid polysaccharide network that confers mechanical stability to the dried
film and governs gel-setting behaviour, providing a structurally robust scaffold that resists
crack formation upon drying [69]. Gelatine, as a hydrolysed collagen derivative rich in
polypeptide sequences, is the primary driver of the skin-mimicking Raman fingerprint,
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given its protein-based composition and well-documented spectral analogy with structural
skin proteins, including collagen and keratin [70,71]. Glycerol, on the other hand, serves as
a plasticizer: by intercalating within the polymer network and disrupting intermolecular
hydrogen bonding between polymer chains, it lowers the glass transition temperature
of the dried hydrofilm and dissipates the mechanical stress that develops during water
evaporation, preventing cracks [72]. Formulations prepared without glycerol exhibited
surface cracking upon evaporation equilibrium, whereas glycerol-containing films dried
while maintaining macroscopic integrity across replicates, confirming experimentally the
plasticising effect of glycerol in the matrix.

 

Raman band assignment (cm−1) 
SC Hydrogels  
792 786 ν(CC) aromatic ring puckering 
854 848 δ(CCH) proline ring breathing 
998 1003 ν(CC) phenylalanine ring breathing 

1181 1191 ν(CC) stretch 
1314 1321 Amide III, δ(CH2) phospholipids 
1413 NA δ(CH3) 
NA 1469 δ(CH2) scissoring (glycerol) 
1611 1608 ν(CC) pyrrole phenylalanine ring/ 

tyrosine/diphenhydramine hydrochloride 
1727 NA ν(C=O) in lipids and phospholipids 

   

(a) (b) 

Figure 2. Raman spectra and band assignments of the polymeric matrix compared to EpiSkin®

stratum corneum. (a) Band correspondence table between EpiSkin® stratum corneum (SC) and the
agarose–gelatine hydrogel matrix; N/A indicates bands absent from the matrix spectrum. ν, stretch;
δ, deformation; ρ, rock. (b) Representative Raman spectra of the solid polymeric matrix containing
diphenhydramine hydrochloride (red) and EpiSkin® control (green) recorded in the 500–1800 cm−1

region. * Highlighted bands indicate spectral features common to both the EpiSkin® RHE SC and the
dried model matrix.

The spectral similarity between the matrix and EpiSkin® RHE SC is grounded in
their shared protein-based composition. EpiSkin® RHE SC is primarily constituted of
normal human keratinocytes organized in stratified layers rich in structural proteins such
as keratins, filaggrin and lipid–protein assemblies, while the hydrogel matrix presents
polypeptide backbone signatures derived from its gelatine component, with agar contribut-
ing to the structural support. The compositional analogy between gelatine and the EpiSkin®

model underlies the observed band correspondence. The band near 792 cm−1 in the SC of
EpiSkin® RHE, assigned to aromatic ring puckering, is observed at 786 cm−1 in the matrix
at a comparatively lower intensity, consistent with differences in the relative abundance of
aromatic residues between the two matrices [22,73]. Proline-associated band highlighted
in red, as seen in Figure 3 and represented at 854 cm−1 in the EpiSkin® RHE SC spectra,
is reproduced at 848 cm−1 in the matrix, reflecting the presence of proline-containing
peptide sequences in gelatine and in the skin model [70]. Amide III and CH2 phospholipid
contributions, at 1314 cm−1 in the SC of EpiSkin® RHE, appear at 1321 cm−1 in the matrix,
in keeping with the amide backbone common to collagen-derived proteins [22,70,71,73].
Phenylalanine ring/tyrosine stretch (1611/1608 cm−1) bands, present in low proportions
in gelatine, are still similarly reproduced in comparison with the Episkin® RHE SC with
minor wavenumber shifts attributed to differences in the secondary structure and the local
chemical environment [22,73]. This assignment could also be linked to diphenhydramine
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hydrochloride, as its structure contains two phenyl rings, presenting a characteristic band
in this spectral region, as represented in Figure 3.

Figure 3. Schematic representation of the hydrogel containing agar, gelatine and diphenhydramine
hydrochloride. The molecular structure of diphenhydramine hydrochloride was drawn using the
Ketcher online chemical structure editor (EPAM Systems) and the main amino acid sequence of
gelatine and the monomer of agar using Canva®. Gly: glycine; Pro: proline; Hyp: hydroxyproline; Ala:
alanine; Glu: glutamic acid for gelatine. D-Gal: D-galactose; L-GalP: 3,6-anhydro-L-galactopyranose
for agar.

2.2.2. Raman Detectability

Spectral selectivity was established by comparing mean R-CI maps from loaded
hydrogels to (i) the raw compound in the powder form and (ii) a blank hydrogel prepared
with gelatine–agarose and glycerol without API.

The diphenhydramine hydrochloride-loaded hydrogel exhibits a distinct band at
1003 cm−1, assigned to the phenyl ring breathing mode, also observed in the raw powder,
and absent in the blank condition [6,74], as illustrated on Figure 4. This three-way compar-
ison satisfies a priori requirements for a tracer band, attesting matrix selectivity with no
false positive in the blank condition, and the chemical assignment, meaning that the raw
powder tracer band and hydrogel tracer band match, attesting the assignment of the band
to the API. Because the 1003 cm−1 band is intense and isolated in the spectral range, and
because the blank lacks a co-located feature, 1003 cm−1 band was selected as the analyte
tracer band for the hydrogel.

To improve the comparability across gels during Raman mapping, diphenhydramine
hydrochloride signals were exploited both as raw band intensities and as the normalized
ratio to correct minor thickness and focus variations. Normalization used a matrix-assigned
tracer band that satisfies the selectivity requirement, meaning that no false positives should
be observed in the raw diphenhydramine powder but should be present in both the
blank condition and API-loaded hydrogel. Therefore, the 1469 cm−1 band, assigned to
glycerol, met these requirements and showed good spectral resolution. Therefore, the
I1003cm−1 /I1469cm−1 ratio was retained for the subsequent hydrogel evaluation and was
referred to as Iratio.

The diphenhydramine hydrochloride tracer band was then subjected to sensitivity
analysis by computing the signal-to-noise (S/N) ratio of the 1003 cm−1 phenyl ring breath-
ing band on the baseline-corrected spectra. The pixel-wise obtained median S/N was 221,
indicating robust signal quality suitable for reliable ratiometric imaging across the hydrogel
maps. This criterion was crucial in the framework of this study as it suppresses the risk of
evaluation bias due to low S/N ratio values for the homogeneity assessment of the model
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matrix, compromising our interpretation. The details on the S/N ratio diagnostics are
provided in the Supplementary Data (Supplementary Note S1; Figure S1).

Figure 4. Tracer band selection and internal reference for diphenhydramine HCl in gelatine–agarose
hydrogels. Raman spectra of a blank hydrogel with glycerol (red), diphenhydramine HCl-loaded
hydrogel (green), and the raw diphenhydramine HCl powder (blue). The phenyl ring breathing near
1003 cm−1 (dashed blue line) is prominent in the powder and retained in the loaded hydrogel, while
absent in the blank, confirming its use as the analyte tracer band. The 1469 cm−1 band (dashed red
line) is matrix-dominated by glycerol and appears consistently in both the blank and loaded hydrogel;
it is used as the matrix-assigned tracer (internal reference) for Iratio.

2.3. Spatial Homogeneity

The successful application of intensity normalization relies on two critical assumptions:
(i) the uniform co-incorporation of API and glycerol tracer during hydrogel formation, and
(ii) proportional signal attenuation for both species under defocusing conditions. Three metrics
were extracted from normalized maps: (i) mean normalized intensity (Iratio), (ii) relative
standard deviation (RSD%), and (iii) Distribution Homogeneity Index (DHI). These metrics
were calculated on identical pixel sets for both development and validation datasets. All used
data are available in Supplementary Data (Supplementary Note S2; Tables S1–S4).

Variance metrics for the development set (27 hydrogels across three batches over
3 days, p = 9 gels/day) are summarized in Table 1. As displayed, Iratio ranged from
2.62 to 2.67 across all study days, with intra-day RSDs of 3.55–8.15% and inter-day RSD
of 6.47%. The consistent Iratio across replicates and days demonstrates reproducible tracer
incorporation and stable matrix composition.

Intra-day spatial distribution RSD (%) ranged from 8.30 to 12.33, while inter-day RSD
(%) was 10.53. Spatial homogeneity was evaluated using the Distribution Homogeneity
Index (DHI) metric calculated via the CLMB procedure [75]. The DHI compares the
variance profile of experimental intensity distribution across multiple spatial scales to that
of randomized simulated maps; a DHI close to 1 indicates perfect spatial homogeneity,
while a DHI above 1 reflects increasing clustering, translating non-homogeneous API
distribution. The observed mean DHI values per day ranged from 1.14 to 1.24, close to the
ideal value of 1, confirming nearly uniform API distribution.

To confirm the robustness of the normalization approach, an independent confirmation
batch (n = 3 gels) was prepared and analyzed under identical conditions as illustrated in
Table 2. Intensity precision RSD was 1.41%, pixel-wise RSD was 9.74%, and mean DHI for
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the batch was 1.16, similar to the previously observed metric performance. A low observed
intra-batch RSD demonstrates preparation reproducibility.

Table 1. Normalized intensity ratio Iratio mapping: development set performance. Hyperspectral
Raman maps acquired from diphenhydramine hydrochloride-loaded hydrogels across three man-
ufacturing days (n = 9 gels per day, 27 total). Intra-day RSDs quantify gel-to-gel variability within
each batch; inter-day RSD quantifies day-to-day manufacturing repeatability. DHI was computed via
CLMB procedure.

Day 1 Day 2 Day 3

Intensity Metrics

Mean Iratio (per batch) 2.67 ± 0.10 2.62 ± 0.20 2.62 ± 0.21

Intra-day RSD (%) 3.55 7.64 8.15

Inter-day RSD (%) 6.47

Spatial Distribution

Mean pixel-wise RSD, intra-day (%) 8.30 ± 2.79 10.97 ± 3.51 12.33 ± 1.35

Pixel-wise RSD, inter-day (%) 10.53

Mean DHI (per day) 1.24 1.14 1.14

Table 2. Independent confirmation validation. Three-gel confirmatory batch manufactured from a
single batch and analyzed identically to development set.

Normalization

Confirmatory batch (n = 3)

Intensity Metrics

Mean Iratio (per batch) 2.60 ± 0.15

Intra-day RSD (%) 1.41

Spatial Distribution

Pixel-wise RSD, intra-day (%) 9.74

Mean DHI (per batch) 1.16

The DHI values, as observed for one of the confirmatory batches in Figure 5, con-
firm that diphenhydramine hydrochloride present in the dried hydrogels does not diffuse
or crystallize during gelation or drying, consistent with molecular-level dispersion in
the polymer matrix. This is further supported by the DHI value obtained for one of the
three confirmatory batch sample with a value of 1.12. This represents a prerequisite for
reproducible nanoparticle deposition or matrix application in subsequent SERS imaging
experiments. The observed intra-day variability likely reflects minor differences in gel thick-
ness or surface topography, while inter-day variability incorporates additional sources such
as preparation difference, ambient humidity affecting drying kinetics or slight instrumental
drift. Nevertheless, all sources of variation remain well controlled within pharmaceutical
analytical specifications, validating the hydrogel platform as a fit-for-purpose calibration
standard for imaging method development.
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Figure 5. Homogeneity assessment of the dried hydrogel surface by R-CI. Studied map of pixel
intensities across the hydrogel surface after normalization. The colour scale represents normalized
Raman intensity, where blue pixels indicate lower intensity values and yellow pixels indicate higher
intensity values. The even spatial distribution of pixel intensities across the map attests to the
homogeneity of the hydrogel surface.

2.4. Repeatability of Drying Kinetics

The experimental equilibrium time was determined as the point at which the absolute
change in relative water content (RWC) between consecutive hourly measurements was≤0.1%,
sustained over multiple points and determined experimentally. Above this criterion, the
variation in RWC for the following hours did not reach a stabilization plateau. Applying this
criterion, the dehydration plateau was reached after 20 h based on the RWC for all replicates.
During the final three hours following equilibrium, the across-replicate variability, all day
combined, was minimal with the RSD% oscillating between 0.04% and 0.60%, confirming
a stable end-state suitable for subsequent imaging. Drying kinetics profiles across batches
show similar, concave-down drying curves that converge to a common endpoint of RWC
at 22.29% ± 0.43, under the fixed drying conditions of 25 ◦C/60% RH. The shape of the
curves is very characteristic of a transition from a brief surface-controlled phase to a diffusion-
controlled phase [76]. This equilibrium is highly dependent on water removal mechanisms
that are governed by the vapour pressure gradient between the hydrogel and the surrounding
air, and the controlled condition in the incubator maintains a consistent external driving
force and prevents local humidity build-up [38]. As dehydration proceeds, the network
consolidation of the gelatine–agarose matrix increases transport resistance with the formation
of a thin, dense surface layer, decreasing the effective diffusivity of water. This results in
the dropping of the evaporation rate as the equilibrium is approached [38]. The non-zero
equilibrium RWC reflects the moisture sorption of the matrix, depending on the external
conditions and the composition of the matrix, mainly due to the humectant characteristic
of glycerol and hygroscopic characteristic of gelatine [77,78]. The reproducible end-state
provided a consistent baseline for the subsequent analytical evaluations.

Hierarchical structure of the drying kinetics dataset was solved by mixed-effects
modelling, where repeated measures were obtained over time from multiple gels in different
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batches, across different days. The homogeneous antedependence covariance (ANTE-EV)
structure was used for the drying kinetics evaluation.

The ANTE-EV structure is adequate in modelling decaying correlations across time
intervals, where observations are most strongly correlated with their immediate predeces-
sors, and this correlation decreases with the increasing temporal distance. This structure is
especially accurate for relatively small datasets such as the present one, where models with
many parameters may not converge or yield unstable estimates [79].

To be able to construct a linear model with a polynomial-like decaying dataset, relative
water content (RWC) was log-transformed to stabilize variance and obtain a normalized
distribution of values in the datasets. Model adequacy was assessed through residual
diagnostics and normality checks. Examination of the conditional residuals relative to
predicted log(RWC) values for the normality and homoscedasticity assessment reveals
no systematic deviation from the reference line and suggests that the model residuals are
symmetrically distributed around zero without any evidence of a visible structure. Model
data and model adequacy diagnostics are provided in detail in the Supplementary Data
(Supplementary Notes S3 and S5; Tables S5–S7 and S9).

Interpretation of fixed effects, in Table 3, assessed through F-test on the datasets, per-
mitted the extraction of the following results. Firstly, the intercept, corresponding to the
plateau of equilibrium observed, is −1.5066 ± 0.0136, reflecting the fact that RWC was mod-
elled on a log scale, and converting to RWC in % gives a value of e−1.51, i.e., 22.29% ± 0.30,
and it proves the presence of a repeatable plateau of RWC across the batches and the
replicates. Additionally, the comparison of time points with the last time point confirms
the equilibrium plateau: all time contrasts versus the last time are highly significant with a
p-value of <0.001 (cut-off placed at 0.05), with a non-significance between the last two time
points (p = 0.42 and 0.47), rejecting the H0 hypothesis that these time points are significantly
different from each other.

Table 3. Fixed-effects parameter estimates from the mixed-effects model describing drying kinetics of
hydrogels. Estimates (±standard error) correspond to the log-transformed RWC, as a function of day
and time. The t ratio represents the t-statistic testing whether each estimates differs significantly from
zero. Prob > |t| gives the p-value; significant terms (p < 0.05) indicate time points that differ from the
reference and is highlighted with *.

Term Estimate Standard Error Prob > |t|

Intercept −1.51 1.36 × 10−2 <0.001 *

Batch [Day 1–Day 3] 7.93 × 10−3 1.63 × 10−2 0.64

Batch [Day 1–Day 2] 9.00 × 10−3 1.62 × 10−2 0.60

Batch [Day 2–Day 3] 8.62 × 10−3 1.62 × 10−2 0.95

Time [0 h–22 h] 1.50 1.20 × 10−2 <0.001 *

Time [2 h–22 h] 1.39 1.20 × 10−2 <0.001 *

Time [4 h–22 h] 1.28 1.20 × 10−2 <0.001 *

Time [20 h–22 h] −1.64 × 10−3 1.98 × 10−3 0.42

Time [21 h–22 h] −9.99 × 10−4 1.31 × 10−3 0.47

Concerning the day-induced variability, considering day 1 as reference batch, no sig-
nificant inter-day difference was observed between day 1 and day 2 (p = 0.60), day 1 and
day 3 (p = 0.64), and day 2 and day 3 (p = 0.95), all significantly superior to the cut-off of 0.05.
One point of attention is also the standard error in the lower range compared to the estimate
factor of the model, proving that the datasets do not highly diverge across samples.
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Residual diagnostics are presented and described in the Supplementary Data
(Supplementary Note S6; Figure S4). Another approach of modelling was also consid-
ered following the bimodal Weibull design, also described in the Supplementary Data
(Supplementary Note S4; Equation (S1), Figures S2 and S3 and Table S8), which includes
the model equation and methodology [80–86].

2.5. Compatibility of the Matrix with SERS Imaging

Compatibility of the dried diphenhydramine hydrochloride hydrogel matrix with
SERS imaging was assessed by evaluating the mean SERS intensity response across three
concentration levels (0.1, 1 and 10 mg·mL−1) using a silver nanoparticle (AgNP) suspension,
synthetized according to the optimized microwave-assisted protocol from Horne et al. [44].
Nanoparticles were concentrated by centrifugation and by removing the respective super-
natant to obtain 10-times relatively concentrated AgNPs, which were then deposited by
drop-casting, with three replicates per concentration level. As observed in Figure 6, a linear
relationship was established between the diphenhydramine hydrochloride concentration
and mean SERS intensity, described by the equation y = 10.209x + 163.4 with a coefficient
of determination R2 = 0.9659, indicating a proportional API concentration-dependent SERS
response across the tested range.
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Figure 6. Concentration-dependent mean SERS intensity response of dried diphenhydramine hy-
drochloride hydrogel (n = 3 per concentration level) and their respective generated SER-CI map,
from left to right, 0.1, 1 and 10 mg·mL−1 (same intensity scale for comparison). In the SER-CI maps,
blue and yellow pixels represent low and high SERS intensity values, respectively. The progres-
sive shift towards higher intensity values with the increasing concentration is consistent with the
concentration-dependent SERS response.

This result confirms that the hydrogel matrix does not suppress or interfere with the
SERS signal generated by the AgNPs, supporting its compatibility for SER-CI applications.
The positive slope of the regression further demonstrates that an increasing analyte concen-
tration is detectable within the matrix. Nevertheless, the high standard deviations observed
across replicates, most notably at 10 mg·mL−1, are attributed to the inherent variability
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of the drop-casting deposition technique. As illustrated in Figure 6, SERS intensity maps
based on the diphenhydramine hydrochloride band at 1003 cm−1 of the three replicates
from 0.1 to 10 mg·mL−1 reveal a characteristic spatial distribution pattern, with higher
signal intensity concentrated in the centre of the droplet and a progressive decrease to-
wards the edges, commonly associated with drop-casting, as well as intensity proportional
to the respective concentration of diphenhydramine hydrochloride. This non-uniform
AgNP distribution across the hydrogel surface directly translates into high intra- and inter-
replicate variability, highlighting the limitation of drop-casting as a deposition method and
supporting the transition towards a more controlled and reproducible AgNP application
approach, such as spray-coating, in subsequent experimental phases. Used data can be
found in Supplementary Data (Supplementary Note S7; Table S10).

A comparison with spray-coating deposition, as presented in Figure 7, further contex-
tualizes the limitations of drop-casting through a direct comparison. First, on the image
of the covering area, a mapping zone equivalent to a 25 × 25-pixel square, highlighted
in bright yellow, was selected to ensure fair comparison, with it only containing well-
covered areas. The drop-cast sample yielded a mean DHI value of 3.03, a mean SER-CI
intensity of 68.1 with a standard deviation of 38.7 and an RSD% of 56.81%. In contrast,
the spray-coated dried hydrogel of the same concentration yielded a mean DHI value
of 1.18, a mean SERS intensity of 651.6 counts with a standard deviation of 211.3 and
an RSD% of 32.42%. The almost three-fold reduction in the DHI between drop-casting
and spray-coating quantitatively confirms the superior spatial homogeneity achieved by
spray-coating. While the RSD% of 32.42% remains elevated, the spatial distribution of pixel
intensities across the studied map reveals a markedly more uniform surface coverage, with
no defined high-intensity core region.

(a)                                               (b) 

Figure 7. Direct homogeneity comparison between drop-casting (a) and spray-coating (b) of AgNPs on
dried diphenhydramine hydrochloride hydrogel surface. For each condition: (Top) mapping area image
covered sample, highlighted by the yellow box. (Bottom) Studied map of pixel intensities. The colour
scale represents Raman intensity, where blue pixels indicate lower intensity values and yellow pixels
indicate higher intensity values. The spatial distribution of pixel intensities across the map allows for a
direct visual comparison of the homogeneity achieved between the two AgNP deposition methods.
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These results collectively demonstrate that spray-coating, even in its non-optimized
state, already outperforms drop-casting in terms of the spatial homogeneity of AgNP
deposition on the hydrogel surface. The remaining variability, reflected in the RSD% of
32.42%, is consistent with the unoptimized nature of the spray-coating parameters at this
stage, and directly motivates the optimization workflow. Full optimization of spray-coating
parameters, including AgNP concentration, flow rate, time and distance, is therefore a
critical prerequisite for unlocking the full performance potential of the SER-CI method,
especially in the biomedical area, such as skin permeation studies.

3. Materials and Methods
3.1. Chemicals and Reagents

Gelatine from porcine skin (Type A) was purchased from Sigma Aldrich (Saint-Louis,
MO, USA). Agarose and diphenhydramine hydrochloride were obtained from Thermo
Fischer Scientific (Waltham, MA, USA). Glycerol was purchased from Acros Organics (Geel,
Belgium). All solutions were prepared using ultrapure water (18.2 MΩ.cm, Purelab Chorus,
ELGA LabWater, Wycombe, UK).

3.2. Polymeric Matrix Preparation and Drying

Gelatine–agarose hydrogels were prepared in 4 cm diameter Petri dishes for each
experimental condition. First, 15.0 mL of ultrapure water was transferred into a beaker
with a glass volumetric pipette and heated to 80 ◦C under magnetic agitation. Once the
temperature was reached, a mixture of gelatine and agarose was added to the heated
water at a final concentration of 1.5% (w/v) for each polymer [63,87]. The mixture was
maintained at 80 ◦C for 15 min under constant stirring to ensure complete dissolution and
homogenization. It was then allowed to cool down to 50 ◦C at room temperature for 5 min,
and 5% (v/v) of glycerol was added and thoroughly mixed to ensure uniform distribution
using a magnetic stirrer. Diphenhydramine hydrochloride was then dissolved in the beaker
to obtain a concentration of 50 mg·mL−1, under magnetic agitation after cooling down, to
avoid the heat-induced chemical degradation of the analyte. The mixture was then brought
to 20.0 mL using ultrapure water. From each preparation, 1.0 mL of hydrogel was poured
into individual glass Petri dishes, prepared in several replicates per condition. The gels
were allowed to stabilize at room temperature for 5 min. Finally, the Petri dishes were
transferred to an incubator set at 25 ◦C under controlled relative humidity (RH) condition
of 60%. Each dish was loosely covered with a Petri dish lid to allow air exchange, and the
gels were left to undergo dehydration.

Hydrogels were produced in three independent batches on three consecutive days
(n = 3; one batch per day). For each batch, nine gels were cast from the same mixture and
served as within-batch subsamples.

3.3. Polymeric Matrix Evaluation Strategy

A semi-empirical experimental approach was followed for the evaluation of dehy-
drated polymeric films. Although no full experimental design or risk mapping was con-
ducted, selected concepts from the ICH Q8 guideline [88] were applied, as the polymeric
matrix is intended to support future analytical imaging applications. In this context, the
CQAs were defined with the following performance attributes: (i) the polymeric matrix
must enable spatially uniform analyte distribution across its exploitable surface and exhibit
fingerprint signal-mimicking skin models; (ii) when dried, it must enable the homoge-
neous distribution of API, without any drying pattern; (iii) it must demonstrate stability
over time and exhibit repeatable drying kinetics across intra- and inter-day triplicates;
and (iv) the matrix must be compatible with imaging-based analytical techniques such
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as SER-CI, providing sufficient signal quality and repeatability to validate its intended
analytical application.

3.4. Analytical Evaluation

Analytical evaluation of the dried hydrogel matrices was carried out to assess the
Raman fingerprint common bands compared to a reconstructed human epidermis (RHE)
model and the repeatability of preparation and the spatial homogeneity of the analyte
signal inside the gel cast. Raman imaging was performed on nine independently prepared
gels per day over three experimental days (n = 27), enabling the evaluation of intra-gel,
intra-batch, and inter-batch variability.

3.4.1. Reconstructed Human Epidermis Model

EpiSkin® reconstructed human epidermis (RHE) models were selected and purchased
from EpiSkin® (Lyon, France), and were received as individual inserts in 12-well plates
at maturation day 12. Upon arrival, each tissue was transferred from its agarose storage
medium into 2 mL of phenol red-free maintenance medium (EpiSkin® Lyon, France)
and incubated for a minimum of 18 h at 37 ◦C, under saturated humidity and 5% CO2

atmosphere. On the following day, tissues were subjected to permeation with sterile
phosphate-buffered saline (PBS, Lonza, Basel, Switzerland), renewed hourly over an 8 h
period. RHE models were then stored at −80 ◦C overnight. On the next day, tissues were
embedded and sectioned transversally at 20 µm using a Leica cryostat (CM3050S, Leica,
Wetzlar, Germany), and sections were directly cryo-fixed onto SuperFrost PlusTM glass
microscope slides (VWR, Radnor, PA, USA).

3.4.2. Raman Imaging

Raman hyperspectral maps were acquired using a LabRAM HR Evolution Raman
microscope (Horiba, Kyoto, Japan) equipped with a 532 nm laser source for the dried
hydrogel and a 785 nm laser source to avoid fluorescence phenomenon for the EpiSkin®

RHE samples. Both samples were deposited onto SuperFrost PlusTM glass microscope
slides (VWR, Radnor, PA, USA) as Raman imaging acquisition substrates. The acquisition
parameters for the evaluation are summarized in Table 4. A total analysis time of 1 h was
conducted for the individual map acquisition of samples.

Table 4. Raman imaging parameters.

Hydrogels EpiSkin® RHE

Laser source 532 nm 785 nm
Gratings 300 g/mm 300 g/mm

Spectral resolution 19.84 cm−1 8.79 cm−1

ND Filter 100% 100%
Spectral range 200–3200 cm−1 500–1800 cm−1

Objective MPLAN 10×/0.25 NA MPLAN 10×/0.25 NA
Confocal hole 200 µm 100 µm
Mapping area 9 mm2 composed of 30 × 30 pixels 0.2 mm2 composed of 20 × 20 pixels

Step size 300 µm 10 µm
Acquisition 1 s per point, 2 accumulations 15 s per point, 2 accumulations

3.4.3. Data Treatment

Raman data were processed using MatLab® R2022b (The MathWorks, Natick, MA,
USA) in combination with PLS_Toolbox 8.9.2 (Eigenvector Research Inc., Wenatchee, WA,
USA). Spectra were baseline-corrected using a Whittaker filter (smoothing parameter
λ = 3.0 × 104; asymmetry parameter p = 0.001), then inspected to select robust, well-
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resolved bands for analysis. The most intense diphenhydramine-specific band (1003 cm−1)
and the glycerol band (1469 cm−1) were retained. The following processing approaches
were considered: application of a ratiometric correction using I1003cm−1 /I1469cm−1 (Iratio)
to mitigate overall intensity variations (e.g., thickness/focus fluctuations) and track
dehydration-induced changes. For each time point, the mean Iratio ± SD and RSD% were
computed using pixel intensities across all pixels. Across-replicate RSD% of the normalized
signal was used to quantify signal reproducibility.

3.4.4. Distributional Homogeneity Index

Spatial signal homogeneity was quantified using the Distributional Homogeneity
Index (DHI), as described by Sacré et al. [75]. For each analyte distribution map, macropixel
analysis with a Continuous-Level Moving Block (CLMB) scheme was applied by averaging
all possible square blocks of increasing size (2 × 2, 3 × 3, . . . up to the full image). For
each block size s, the standard deviation across all s × s blocks of the corresponding block-
mean intensities, SDSM(s), was computed and plotted as a function of s to generate the
homogeneity curve. A reference curve, SDRM(s), was obtained from randomized versions
of the same map generated by permuting pixel intensities.

The DHI was then calculated as the ratio of areas under the experimental and random-
ized homogeneity curves (AUCs), as defined in Equation (1):

DHI =
(

AUC(SDSM(s))
AUC(SDRM(s))

)
(1)

The DHI calculations were performed in MatLab® R2022b (The MathWorks, Natick,
MA, USA). Hyperspectral cubes were first resampled onto a common spatial grid and
preprocessed as in Section 3.4.3. Analyte distribution maps were directly normalized by
applying the univariate ratio map (Iratio) for the ratiometric approach.

3.5. Physical Evaluation of Drying Kinetics

To assess macroscopic integrity, films were visually inspected for signs of gel cracking
or analyte crystallization. A microscopic evaluation was performed using Raman imaging
to detect microstructural anomalies, such as cracks, and analyte distribution.

Drying kinetics were monitored gravimetrically by measuring mass loss at defined
time intervals during dehydration. Gravimetric water-loss measurements were collected
for each gel from T0h, defined as the baseline immediately after casting and initial gelation
through T24h (24 h post-initiation) at predefined time points. At each time point, gels were
weighed and immediately returned to controlled environmental conditions (25 ◦C, 60% RH).
The observation window was limited to 24 h to capture the approach to equilibrium moisture
content; analytical evaluations were initiated at the stabilization time point. Accordingly, time
points acquired after stabilization were excluded from kinetic analyses.

Mixed-Effects Modelling of Drying Kinetics

Water loss was quantified as the relative change in mass overtime, reported as percent-
age of mass loss, enabling the assessment of drying kinetics as a function of time. Relative
water content (RWC) at each time point was computed as per Equation (2) [84]:

RWC (t) =
m(t) − mdry

minitial − mdry
(2)

where m(t) is the measured mass at time t, minitial is the initial mass at T0h, and mdry is the
final constant mass after complete drying.
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To analyze the kinetics and the repeatability of hydrogel preparation, RWC data were
modelled within a linear mixed-effects framework, after a log transformation of the datasets,
which accounts for both fixed and random sources of variability. The general structure of
the model can be expressed as Equation (3) [89]:

Yijk = µ + Ti + Pj + Ck + eijk (3)

where Yijk is the observed RWC at time i for gel j in batch k, µ is the overall mean, Ti

is the fixed effect of time in hours (i = 0 to 22 h), Pj is the random effect of gel nested
in day component (j = 1 to 9), Ck is the fixed effect of batch for the inter-day variability
assessment (k = 1 to 3), and eijk is the residual error. This structure is particularly adapted
for longitudinal data in which repeated measurements are conducted on the same gels
and takes account for the hierarchical nesting of gels within batches (for each day) and the
temporal correlation between observations.

Data processing and statistical analyses were performed in JMP Student Edition®

19.0.5 (SAS Institute, Cary, NC, USA). Competing correlation structures were systematically
tested to model temporal dependencies in the residuals. Model selection was guided by
Akaike’s Information Criterion (AIC) and Bayesian Information Criterion (BIC), with the
lowest values indicating the best-fitting structure while avoiding overparameterization [90].

The final selected model was further validated by residual diagnostics to ensure ho-
moscedasticity and the absence of systematic trends. Model-based 95% prediction intervals
(PIs) were derived for repeated observations at each time point, where the PI represents the
expected gel-to-gel variability. Statistical significance was assessed at α = 0.05 [79].

3.6. SER-CI Testing on Dried Hydrogels

Silver nanoparticles (AgNPs) synthetized according to the microwave-assisted proto-
col of Horne et al. [44] were first concentrated using a centrifuge (Eppendorf, Hamburg,
Germany), where the supernatant was removed to obtain a 10-times higher relative concen-
tration. Dried hydrogels were prepared according to Section 3.2, and only the concentration
of diphenhydramine hydrochloride from 0.1 to 10 mg·mL−1 was tested.

For the spray-coating deposition technique, a lab-made automated device was used,
composed of a 500 µL gas tight syringe (Hamilton, Reno, NV, USA), fixed on a Legato®

100 syringe pump (KD scientific, Holliston, MA, USA). The AgNP suspension was pumped
through a 100 cm long peek tube from Waters (Milford, MA, USA) with an internal diameter
of 0.127 mm and sprayed through an Electrospray Ionization probe (Waters, Milford, USA),
placed in a stainless steel capillary tube connected to a nitrogen inlet, used as a spraying
gas (Air Liquide, Paris, France). The device was mounted onto a robotic arm from Dobot
Robotics (Dobot MG400, Shenzhen, China) automated through an informatically controlled
programme. The syringe pump was fixed at 15 µL/min, and the sample was sprayed for
20 min, and the spraying gas was kept at 3 bars to ensure sufficient nebulization. The
robotic arm speed was set at 25% of its maximal limit, while keeping the sample at 12 cm
from the probe for the experiments. SER-CI analyses were directly conducted, following
the same parameters as for dried hydrogels of Section 3.4.2, except for the neutral density
(ND) filter that was lowered at 1% to avoid the heat-induced burning of AgNPs due to the
powerful laser intensity.

For the drop-casting technique, 20 µL of the 10-times concentrated AgNPs were
deposited onto the dried hydrogels with an automated pipette and left to dry before the
SER-CI analysis, following the same parameters as those in the spray-coating condition.
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4. Conclusions
This work establishes a proof of concept for a repeatable, dried hydrogel matrix as

a standardized analytical platform for chemical imaging method development and op-
timization. The matrix was designed, characterized, and validated to meet predefined
CQA requirements: spectral skin mimicry ability and spatial uniformity of analyte dis-
tribution, controlled and reproducible drying kinetics, and compatibility with Raman
effect-associated chemical imaging techniques. Additionally, the dried hydrogel was
designed to display a protein-dominated fingerprint consistent with its gelatine matrix
composition, evidenced by characteristic collagen-associated bands. These signatures are
similarly retrieved in the EpiSkin® RHE SC spectrum, supporting the relevance of the
hydrogel as a protein-based skin matrix surrogate.

Drying kinetics were rigorously characterized through mixed-effects modelling, re-
vealing a repeatable process by the diffusion-controlled removal of bound water with
stable equilibrium around 22% residual water content. The narrow prediction intervals
and absence of inter-day variability confirmed robust process control under fixed condi-
tions (25 ◦C, 60% RH). Diphenhydramine hydrochloride, selected through compatibility
screening (pH, logP, solubility, molecular weight), was successfully incorporated without
inducing gelation failure, crystallization, or detectable spatial aggregation.

Analytical evaluation using confocal Raman imaging demonstrated that normalization-
based readout (I ratio) provided precision, with CQAs all within ICH Q8-aligned values [88].
The spatial homogeneity assessment via the Distribution Homogeneity Index yielded val-
ues close to 1, confirming homogeneity in analyte distribution. Based on the development
dataset, acceptance criteria were refined and validated through an independent confirma-
tion batch. All criteria were met with substantial margins, demonstrating process capability
and fit-for-purpose as a calibration standard.

Future work could expand API compatibility screening to establish compatibility
specification based on the polymeric structure of the dried hydrogel. Adaptation to comple-
mentary chemical imaging modalities by precise tailoring based on limitations, particularly
for imaging techniques based on matrix covering such as MALDI-MSI, would validate
the utility of the present matrix for future applications. SER-CI method development
constitutes the main perspective of this approach, as the tailored model could be used to
develop and optimize the sample preparation step of nanoparticle covering for quanti-
tative approaches of SER-CI, as illustrated by the comparison study of drop-casting and
spray-coating deposition techniques using the developed dried hydrogel. Spray-coating
deposition technique, as also used in the applicative section of this study, could enhance
the analytical performances of SER-CI, especially in the biomedical area where the inherent
variability of complex matrices could hinder the reproducibility of the method.

By bridging overly simplified synthetic systems and uncontrolled biological variability,
this matrix accelerates method optimization, enables robust performance qualification,
and could pave the way to the implementation of chemical in routine pharmaceutical
and biomedical applications. Continued refinement following the ICH Q8 lifecycle [88]
principles will enhance its utility across diverse imaging platforms.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules31091530/s1, Figure S1: S/N ratio assessment of the
diphenhydramine tracer band. (a) S/N ratio map per pixel computed as peak (995–1010 cm−1)/RMS
(1800–1850 cm−1) on baseline-corrected spectra (25 × 25-pixels). (b) Histogram of S/N ratio per
pixel values with a unimodal distribution and mild right trail; Table S1: Results for Day 1 of spatial
homogeneity evaluation of dried hydrogels; Table S2: Results for Day 2 of spatial homogeneity
evaluation of dried hydrogels; Table S3: Results for Day 3 of spatial homogeneity evaluation of
dried hydrogels; Table S4: Results for the confirmatory batch of spatial homogeneity evaluation
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of dried hydrogels; Table S5: Gravimetric measurements of Day 1, transformed to relative water
content in percent, used for mixed and Weibull modelling; Table S6: Gravimetric measurements
of Day 2, transformed to relative water content in percent, used for mixed and Weibull modelling;
Table S7: Gravimetric measurements of Day 3, transformed to relative water content in percent,
used for mixed and Weibull modelling; Equation (S1): Bimodal Weibull modelling equation of RWC
prediction; Figure S2: Bimodal Weibull fit for hydrogel drying kinetics; Table S8: Estimated parameters
of the bimodal Weibull model and the corresponding performances metrics; Figure S3: Residuals
versus fitted values for the bimodal no-lag Weibull model; Table S9: Akaike and Bayesian Information
Criteria for alternative within-gel covariance structures; Figure S4: Model adequacy diagnostic for the
mixed-effect model by QQ-plot; Table S10: Data table of mean SER-CI intensity, standard deviation
and relative standard deviation from analysis of dried hydrogels containing different concentrations
of diphenhydramine hydrochloride, from 0.1 to 10 mg L−1.
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Abbreviations
The following abbreviations are used in this manuscript:

AgNPs Silver nanoparticles
AIC Akaike’s Information Criterion
ANTE-EV Antedependence equal variance model
API Active pharmaceutical ingredient
AUC Area Under the Curve
BIC Bayesian Information Criterion
CLMB Continuous-Level Moving Block
CQA Critical Quality Attribute
DHI Distributional Homogeneity Index
EMA European Medicines Agency
ICH International Council for Harmonization
Iratio Intensity after ratiometric normalization of I1003 cm−1 /I1469 cm−1

IR Infra-red
MALDI-MSI Matrix-Assisted Laser Desorption Ionization Mass Spectrometry Imaging
ND Neutral density
NP Nanoparticle
OECD Organisation for Economic Co-operation and Development
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PBS Phosphate-buffered saline
PI Prediction interval
Prob Probability
R-CI Raman chemical imaging
RH Relative humidity
RHE Reconstructed human epidermis
RSD Relative standard deviation
RWC Relative water content
SC Stratum corneum
SER-CI Surface-Enhanced Raman Chemical Imaging
SNR Signal-to-noise ratio
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