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ABSTRACT

Three-dimensional printing (3DP) of pharmaceuticals is as an enabling technology for personalised medicine and
is a versatile production technology for compounding automation and decentralised manufacture. However, non-
destructive quality control (QC) methods are needed for the small batch medicines production. This study
investigated for the first time two miniaturised and handheld near-infrared (NIR) and Raman spectrometers as
QC measures for accurately quantifying tamoxifen in medicines manufactured in Gustave Roussy Cancer Campus
Hospital Pharmacy during preparation for a clinical trial. A ‘hub-and-spoke’ model approach was applied with
manufacture of calibration samples in a research environment (i.e. hub or control site) for spectral data acqui-
sition in the hospital pharmacy (i.e. spoke, point-of-care or manufacturing site) for calibration and validation
(hospital pharmacy produce) samples containing 30 % w/w tamoxifen citrate, utilising the same suppliers of
materials for production. Both NIR and Raman devices yielded highly accurate and predictive models from
spectra acquisition into the open capsule bodies and through closed capsule shells and were deemed suitable as
QC methods for rapidly determining the tamoxifen content in the medicines produced via pharmaceutical 3DP in
the hospital for the clinical trial. This study proved that both miniaturised analysers may be used as non-
destructive QC methods for the 3DP medicines production in the hospital pharmacy, and that a ‘hub-and-
spoke’ approach for development of non-destructive chemometric models may accelerate the decentralised or
modular manufacturing paradigm of 3DP medications. Future application and implementation of either tech-
nology as QC measure at decentralised manufacturing facilities may come down to other factors such as con-
nectivity to in-line, integrated systems, costs, and safety.

Introduction

Moreover, new legislation is enabling decentralised manufacturing of
medicines through 3DP in the United Kingdom, marking a new phar-

Three-dimensional (3D) printing of pharmaceuticals has garnered
attraction over the past decade for its ability to produce bespoke and
small-batch medicines and drug delivery devices.' > Making its way into
point of care (PoC) settings such as community and hospital pharmacies,
pharmaceutical 3D printing (3DP) offers novel and automated processes
for compounding of medicines with enhanced levels of dose control and
flexibility and is positively perceived by healthcare professionals.” ®

maceuticals manufacture paradigm.” Clinical trials have already
confirmed the ability of 3DP to produce personalised oral medicines
with positive clinical outcomes and more trials are on the horizon.® 2

Quality control (QC) is a vital aspect for release of pharmaceuticals
from any given manufacturing process to ensure patient safety and ef-
ficacy. To fully benefit from production and dispensing of personalised
3DP oral medicines at the PoC or through small-scale decentralised
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manufacturing facilities, non-destructive QC measures for analysis of
each of the individualised printlets (3DP oral tablets) are required.“’16
Non-destructive quantitative drug analysis,'” '° solid-state determina-
tion,?%?! weight uniformity,”>*® drug and excipient distributions,”* and
porosity assessments”” for printlets have been published. Near-infrared
(NIR) and Raman spectroscopy have been explored for quantitative
purposes. Both are vibrational spectroscopic methods capable of
conveying quantitative and qualitative sample information and may
enable non-destructive dose verification when combined with individ-
ual printlet masses. NIR spectroscopy relies on the measure of energy
absorbance in a sample through overtones and combination bands from
incident polychromatic light,”® whereas Raman spectroscopy is the
measure of inelastic scattering from energy transfer between an incident
monochromatic laser beam and the sample.?’

Spectrometers are usually categorised according to size: Laboratory
or benchtop scale, portable (ranging from three to 20 kg), or handheld
(less than one kg).>*?° Although spectrometer size typically is directly
related to spectral resolution and sensitivity, and dictates the mode of
analysis,?>>! miniaturised spectrometers may facilitate easier employ-
ability in clinical settings and at the PoC as well as faster overall 3DP
medicines production rate through potential in-line integration as
compared to benchtop or portable equipment. Most published studies
have quantified active pharmaceutical ingredients (APIs) in the final
printlets through portable, benchtop, and large NIR and Raman spec-
trometers in research laboratory environments. Handheld NIR spec-
trometers have been successfully employed in research environments to
quantify APIs in printlets produced in research laboratory settings,”> >°
however, no previous studies have proven the feasibility of API quan-
tification in clinical settings through NIR and Raman spectrometers for
medicines produced via a pharmaceutical 3D printer in the clinical
setting.

Recently, we reported the development of a novel compounding 3DP
platform in the hospital pharmacy at Gustave Roussy Cancer Campus in
Paris, France, to rapidly and accurately produce thousands of person-
alised multi-active medicines through a pharmaceutical 3D printer for
the purpose of a large clinical study in breast cancer patients.’” The
medicines contained tamoxifen, a first-line therapy for non-menopausal
women recovering from breast cancer.’®** The tamoxifen pharma-ink
(mixture of API and excipients) was produced directly in the hospital
pharmacy and deposited into pharmaceutical gelatine capsules through
the semisolid extrusion (SSE) technology in the 3D printer. Hence,
non-destructively certification of the dose would further enable
dispensing of personalised tamoxifen medicines at the hospital
pharmacy.

The aim of this study was to investigate the feasibility of using
handheld NIR and Raman spectrometers for non-destructive tamoxifen
quantification in the 3DP compounded medicines developed for the
clinical trial in the Clinical Pharmacy department of Gustave Roussy
Cancer Hospital. The two miniaturised spectroscopic techniques should
yield rapid and accurate methods to prove the feasibility of using these
methods for QC of compounded 3DP medicines in clinical settings. The
calibration samples were produced in a research environment (simu-
lating a hub or control site as per the new UK legislation) with the
validation samples produced in the hospital pharmacy (the spoke, point
of care or decentralised manufacturing site) during the preparation for
the clinical trial. Spectral data acquisition was carried out in the clinical
facility, highlighting the suitability of the “hub-and-spoke” model for
decentralised manufacturing of personalised 3DP pharmaceuticals at the
PoC. Here, a centralised hub (i.e. the research environment) could
facilitate implementation of non-destructive QC at the spokes (i.e., the
hospital pharmacy).
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Materials & methods
Materials

Tamoxifen citrate (TC) was obtained from Hepartex® (France),
polyethylene glycol (PEG) 4000 was purchased from Merck (United
Kingdom), green/white (cap/body) size 0 gelatine capsules (titanium
dioxide (TiO2) content of 2.0 % in body and 1.0 % in cap) were pur-
chased from Cooper® (France). Sodium phosphate monobasic mono-
hydrate (NaHoPO4eH20), N,N-dimethyloctylamine (DMOA), and
acetonitrile (ACN) were purchased from Sigma Aldrich (United
Kingdom) and orthophosphoric acid from Thermo Scientific (United
Kingdom). 20 mL Injekt® syringes with Luer lock were supplied by B.
Braun (Germany). 14 G polypropylene tapered tips (internal diameter of
0.063 inches (1.6 mm)) were purchased from Fisnar® (United States of
America).

Production of stainless steel capsule holder

A square holder for size 0 gelatine capsules was manufactured in-
house, consisting of two stainless steel layers: a top and a bottom. 25
capsule voids were created on each layer in a five-by-five manner,
spaced 25 mm apart centre to centre. On the top layer, the holes were
exactly the diameters of the size O capsule bodies, while on the bottom
layer the voids were half of the capsule diameters. The centres of the top
and bottom voids were accurately aligned, and the two layers bolted
together.

Preparation of calibration samples

The calibration curve was constructed to span across concentrations
from 20 % w/w to 40 % w/w TC (Table 1), as the formulation used in the
hospital pharmacy contained 30 % w/w TC.

Pharma-ink preparation for calibration samples

All calibration pharma-inks were prepared according to following
procedure. Accurate amounts of PEG 4000 and TC were weighed out
separately for a total mass of 5 g per pharma-ink. PEG 4000 was trans-
ferred to a beaker which was covered with aluminium foil and placed on
a hot plate stirrer at 80 °C until complete melting of PEG 4000.
Approximately half of the tamoxifen was added, and the mixture was
vortexed for ca. 30 s. A magnetic stirrer bar was added, the beaker was
placed back at the hot stirrer plate stirring at 1000 RPM, where the rest
of the TC was added and stirred until visibly homogenous (approxi-
mately two to three minutes). The molten pharma-inks were immedi-
ately transferred to 20 mL Injekt® syringes, capped, covered in
aluminium foil, and stored at room temperature until capsule filling.

Filling of capsules via SSE

Calibration capsule samples
The syringe containing pharma-ink was fitted with a 14 G tapered

Table 1
Compositions of pharma-ink formulations for method calibration.

Formulation TC (%w/w) PEG 4000 (%ow/w)
20.0 % Tamoxifen citrate 20.0 80.0
22.5 % Tamoxifen citrate 22,5 77.5
25.0 % Tamoxifen citrate 25.0 75.0
27.5 % Tamoxifen citrate 27.5 72.5
30.0 % Tamoxifen citrate 30.0 70.0
32.5 % Tamoxifen citrate 325 67.5
35.0 % Tamoxifen citrate 35.0 65.0
37.5 % Tamoxifen citrate 37.5 62.5

40.0 % Tamoxifen citrate 40.0 60.0
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dispense tip and placed in the SSE printhead attachment for the
M3DIMAKER?2 3D printer (FABRX, United Kingdom) at 78 °C for 30 min
prior to extrusion. Direct extrusion into white size 0 capsule bodies was
carried out at 78 °C using the custom-made stainless steel capsule holder
for each pharma-ink (n = 10 capsules). Approximately 100-250 mg was
deposited in each of the calibration capsules, and all capsules were
capped with dark green caps.

Hospital pharmacy validation samples

The capsules produced in the Clinical Pharmacy Department of
Gustave Roussy Hospital during the preparation for the clinical were
used for model validation and QC feasibility. The production method has
been described in the previous publication on medicines development
by Denis et al.*” Raw materials and capsule shells used in the present
study were from the same suppliers as those used the hospital pharmacy.

Characterisation of raw materials and capsule deposits

Sample preparation

Capsule deposits from four to five capsules per concentrations were
emptied into a mortar and pestle and gently crushed into smaller par-
ticulates without the use of shearing for subsequent solid-state charac-
terisation of tamoxifen citrate, as described below.

Differential scanning calorimetry (DSC)

DSC measurements were performed on capsule deposits from all
calibration concentrations to investigate the solid state of TC as well as
the raw TC and PEG 4000 powders. All analyses were performed with a
Q2000 DSC (TA Instruments, Waters, USA) with sample sizes of 3-5 mg
in TA aluminium pans with Tzero lids using the pinhole method. The
samples were equilibrated at 25 °C before being heated up to 160 °C at a
heating rate of 10 °C/min. Nitrogen was used as purge gas at 50 ml/min
flowrate. Data collection was carried out with TA Advantage software
for Q series and analysed using TA Instruments Universal Analysis 2000
(TA Instruments, Waters, USA).

X-ray powder diffraction (XRPD)

XRPD analyses were performed on gently crushed deposits from all
calibration samples as well as the raw TC and PEG 4000 powders. All
analyses were carried out using a Rigaku MiniFlex 600 (Rigaku, USA)
equipped with a CuX199 ray source (lambda = 1.5418 A).15mA and 40
kV intensity and voltage were applied, and samples were scanned be-
tween 20 = 3 — 60° at a speed of 5°/min with 0.02° increments.

Fourier-transform infrared (FT-IR) spectroscopy

FT-IR spectroscopy was performed on raw materials and gently
crushed deposits from all calibration capsules. A Spectrum 100 FT-IR
spectrometer (PerkinElmer, USA) was used, and samples were scanned
over 650-4000 cm™* at a resolution of 4 cm™! for 16 scans.

Spectral acquisition for chemometric model development

36 calibration capsules (four capsules per calibration concentration)
and six hospital pharmacy samples were employed for spectral acqui-
sition and chemometric model development and evaluation. To analyse
into each of the open capsule bodies, the caps were manually and gently
removed and recapped to preserve the physical integrity of the capsule
shells. The capsules were opened just prior to and closed immediately
following spectra acquisition.

Near infra-red spectroscopy (NIRS)

NIR diffuse reflectance spectra were measured using a MicroNIR
1700ES NIR spectrometer (VIAVI, UK) equipped with 2 vacuum tung-
sten lamps and an InGaAs photodiode array detector for wavelengths
between 950 and 1650 nm (10,526 - 6060 cm™). All spectra were
collected using a tablet probe with 8 mm diameter collection optic
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(VIAVI, UK) attached to the MicroNIR device and with the MicroNIR Pro
software (VIAVI, UK). Prior to data acquisition, a 99 % spectralon
reference standard was used for the acquisition of dark and reference
spectra for instrument calibration.

Open capsules. Filled capsules without caps were placed in the stainless-
steel capsule holder placed on top of the printing platform. The NIR was
placed in the NIR attachment for the 3D printer directly over the open
capsule at approximately 0.5 mm distance from the top of the capsule to
the tip of the probe. All capsules were scanned 10 times with reposi-
tioning of the capsule holder between each scan to move capsule within
the boundaries of the probe.

Closed capsules. Filled capsules, closed, were placed body (white body)
facing upwards on the 99 % spectralon reference standard. The tablet
probe was placed over the capsule, and all capsules were scanned three
times.

Raman spectroscopy (RS)

Raman reflectance spectra were obtained using a Metrohm Instant
Raman Analyzer (MIRA) M-1 (Metrohm, France) equipped with a 785
nm laser covering the spectral range of 400-2300 cm™. A reference
sample was scanned for reference matching value before connection to
the software PEAK (Snowy Range Instruments, version 1.1.112) used for
data acquisition.

Four different lens adaptors were investigated: three point-and-shoot
adaptors with different focal lengths, and a closed vial holder lens. The
point-and-shoot lens attachments were the Metrohm short distance lens
attachment (SWD) with 1.00 mm focal length, long distance lens
attachment (LWD) with 7.6 mm focal length, and the extra-long distance
lens attachment (XLWD) with a focal length of 18 mm.

Open capsules. Spectra were obtained by attaching the respective point-
and-shoot lens adaptor to the MIRA M-1. The filled capsules without
caps were placed in the stainless-steel capsule holder. The MIRA M-1,
operated handheld, was held lens facing down into the open white
capsule body at an approximate distance of one mm. Each capsule was
scanned one time.

Closed capsules. Spectra were obtained by attaching the closed vial lens
attachment to the MIRA M-1 and placing the closed capsules inside of
the vial holder with the white base of the capsule facing the laser and
detector. Each capsule was scanned 3 times.

Pre-processing of spectra and chemometric model development

All spectral processing and chemometric model development was
carried out using python (version 3.9.9), a function which is now
available in the M3DIMAKER studio software (FABRX, United
Kingdom). Specific libraries used included numpy, pandas, matplotlib.
pyplot, scipy, sklearn, and math. Investigated preprocessing methods for
NIR spectra included standard normal variate (SNV), detrend, multi-
plicative scatter correction, and derivation through Savitzky-Golay (SG)
smoothing method. RS spectra preprocessing included baseline estima-
tion through asymmetric least squares smoothing method and deriva-
tion through SG smoothing. The number of latent variables (LVs) to
include in the chemometric models were selected through reduction in
root mean squared error (RMSE) of fit for calibration and validation
samples as a function of LVs as well as the explained spectral variance
per LV.

Reference drug loading of capsules

The content of each capsule was accurately weighed, dissolved in
mobile phase (see "High-performance liquid chromatography-UV
(HPLC-UV)" for composition) in a volumetric flask and diluted with



A.K. Jgrgensen et al.

mobile phase for a nominal tamoxifen base concentration of ca. 0.25
mg/ml. The samples were filtered through 0.22 um syringe filters
(Millipore Ltd, Ireland), and analysed via high-performance liquid
chromatography (HPLC) coupled to UV detection, as described in "High-
performance liquid chromatography-UV (HPLC-UV)".

High-performance liquid chromatography-UV (HPLC-UV)

Hewlett Packard 1260 Series HPLC system equipped with an online
degasser, quaternary pump, column heater, autosampler and UV/Vis
detector, was used. 20 pl of the samples were injected into a Hypersil
ODS Cjg 5 pm column, 4.6 x 250 mm (Thermo Scientific, United
Kingdom). The mobile phase was prepared by dissolving 506 mg sodium
phosphate monobasic monohydrate in 600 ml Type I water, followed by
the addition of 3.76 ml N,N-dimethyloctylamine. The pH was adjusted
to 3 with orthophosphoric acid, and 490 ml of acetonitrile was added. A
flow rate of 1 ml/min was applied, with the column temperature set to
30 °C. Eluents were screened at 240 nm. The calibration curve ranged
from 33 pg/ml to 660 pg/ml tamoxifen base (R = 0.9999, LoD = 5.3 jig/
ml, LoQ = 16 pg/ml).

Statistical analysis

Paired ¢ tests were conducted between the TC concentrations estab-
lished by HPLC and as predicted by the developed NIR and Raman
models, respectively, for the capsules produced in the Clinical Pharmacy
Department of Gustave Roussy Cancer Hospital (n = 6) to assess if the
means were significantly different (p < 0.05).

Results & discussion
Drug loading of capsules for chemometric model development

All capsules included in the chemometric model development were
subjected to drug loading determination via HPLC once all the spectra
had been obtained via NIR and Raman. These HPLC determined drug
loading values (Table 2) were used to develop the chemometric models.

The results of the drug loading for all calibration and external vali-
dation capsule deposits are presented in Table 2. Generally, a low
relative standard deviation (RSD) was observed for the content of all
capsule deposits. Only two capsule formulations had RSD’s just above 2
%, whilst all other formulations have RSD’s of <1.2 %, indicating that
homogenous formulations were obtained during pharma-ink prepara-
tion. The pharma-ink for the capsules produced in the hospital pharmacy
were produced in larger batches, potentially accounting for the slightly
higher deviation for this formulation. Moreover, none of the calibration
capsules varied >2 % from the theoretical drug loading, ensuring an
even distribution of calibration points for the chemometric models
whilst small deviations within each concentration group were captured.

Table 2
HPLC determined drug loading of all calibration and Hospital Pharmacy (*)
tamoxifen citrate capsule deposits along with relative standard deviation.

Nominal TC conc. (%o w/  Number of Actual TC conc. (% w/  RSD
w) capsules w) (%)
20.0 4 20.08 + 0.16 0.79
22.5 4 22.51 + 0.57 2.54
25.0 4 24.84 +0.28 1.11
27.5 4 27.21 +0.28 1.04
30.0 4 29.65 + 0.27 0.90
32.5 4 31.96 + 0.36 1.14
35.0 4 34.52 + 0.40 1.16
37.5 4 37.08 + 0.25 0.68
40.0 4 40.04 £+ 0.11 0.27
30 * 6 30.73 £ 0.70 2.28
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Characterisation of raw materials and capsule contents

Solid-state analyses were performed on gently crushed deposits from
all calibration samples to confirm that the pharma-ink preparation and
3DP capsule filling did not alter the polymorphic form of TC to ensure
accurate chemometric model development.

The thermograms for all calibration samples as well as raw tamoxifen
citrate and PEG 4000 powders are presented in Fig. 1. Pure TC showed a
melting endotherm at 147.5 °C, whilst the melting endotherm for PEG
4000 showed at 59.6 °C. Melting point suppression for TC was observed
for all calibration samples, confirming that TC was still present to some
degree in a crystalline form, whilst partially being molecularly dispersed
in the polymer. TC melting points ranged from 136.6 °C to 141.3 °C
across the concentration range, and the observed melting point
depression was greater at higher ratios of PEG 4000 to TC, indicating
some degree of TC solubilisation under the application of heat during
the thermogram acquisitions. DSC analysis indicated that pure TC par-
ticles contained the polymorphic Form A, however, due to solubilisation
in the polymer, the polymorphic determination of TC in calibration
samples could not be confirmed through DSC analysis.

The XRPD diffractograms of raw materials TC and PEG 4000 along
with all calibration samples are presented in Fig. 2. XRPD analysis
confirmed that pure TC constituted the polymorphic Form A, as
compared to unique diffraction patterns previously reported on the
polymorphic form.*® Particularly the absence of a large diffraction peak
at ca. 5.5° 20 and the distinctive peak shapes and intensities observed at
ca. 11.5° and 13.8° 20 indicate the presence of Form A. XRPD data ob-
tained for all the calibration samples confirmed the presence of TC in a
crystalline form, and the data indicated the continued presence of TC
Form A, as seen from the characteristic peaks in the range of ca. 9-18°
26, in all developed samples. Small differences in relative intensities and
slight peak broadenings observed for the samples from capsule deposits
may have been a result of sample preparation resulting in particulates
larger than those for pure TC and PEG 4000 materials.’® The DSC and
XRPD analyses confirmed that TC was present in the same crystalline
form in the calibration samples as in the medicines produced in the
hospital pharmacy, as we previously reported the characterisation data
for these.”’

Moreover, analysing the acquired FT-IR spectra of TC powder
confirmed the presence of the polymorphic Form A, indicated by a
characteristic sharp C=0 acid group stretch at 1730 cm™ followed by a
broadened asymmetric stretch of the -COO™ ion at 1587 cm™? (Fig. 3).47
Moreover, the unique absorbances bands at 1241 cm™! (aromatic ring,
para-substituted), 1217 cm’! (aromatic ring, para-substituted), and 1173
cm’! (C—O stretch) as well as a sharp absorbance at 703 cm’! (aromatic
ring, mono-substituted) further indicated the polymorphic Form A.*” All
mentioned peaks were observed in the FT-IR spectra for calibration
(Fig. 3).

The performed analytical characterisation confirmed that
manufacturing of the calibration and hospital pharmacy samples at
different scales had not resulted in altered physical form of TC or in-
teractions in the capsule deposits. Thus, the calibration samples were
suitable for inclusion in the chemometric model development process in
the “hub-and-spoke” setup.

Chemometric models for tamoxifen quantitation

Tamoxifen content prediction through closed capsules

All closed capsules were scanned through their white capsule bodies
after production of all the calibration and hospital pharmacy capsules.
For both NIRS and RS, the best performing models were obtained
through the inclusion of the full spectra, covering the wavenumbers
6061 - 10,526 cm™ and 400 - 2300 cm™, respectively. For the NIRS
model, all spectra were subjected to pre-processing constituting of
scatter correction via SNV (Fig. 4B) and smoothing and derivative
through SG method (width (w) = 5, polynomial (p) = 2, derivative (D) =
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Fig. 1. DSC thermograms of pure TC and PEG 4000 as well as all calibration samples.
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Fig. 2. XRPD diffractogram of pure TC and PEG 4000, and calibration samples.

2) (Fig. 4C). A Partial Least Squares Regression (PLSR) model with 4
LV’s was found to result in the best performing model assessed on
goodness of fit and prediction accuracy (Fig. 4D). Specifically, the co-
efficient of determination (Rz) was 0.956 for the calibration set and
0.793 upon being subjected to a 10-fold cross validation (CV). The root

mean square error of calibration (RMSEC) was found to be 1.33 % w/w
whilst the model accuracy (root mean square error of prediction
(RMSEP)) was 1.19 % w/w for the hospital pharmacy samples. This
corresponds to a relative error of 3.9 % for capsules produced in the
hospital pharmacy when compared to HPLC determined TC content of
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the capsules.

A recently published study utilised a portable NIR system for
detection and quantification of APIs through capsules and found that
spectral variance was influenced by capsule type and capsule colour as
well as API type, thus highlighting the importance of consistency in
capsule provider for the developed model as was factored in for this
study.*® The developed NIR model in this work performed similarly to
NIR models developed for quantifying saponins in traditional Chinese
medicine capsules in closed capsules when assessed on relative predic-
tion error on external validation set (here, the hospital pharmacy pro-
duced samples) as well as hydrocortisone in capsules when assessed on
goodness of fit of the calibration samples.*®>° Both referenced studies
were carried out with benchtop scale instruments, hence a significant
reduction in instrument size was achieved here.

For RS, all spectra were subjected to baseline estimation via asym-
metric least squares (ALS) algorithm by optimising the smoothness
(lambda) and asymmetry (p) factors (lambda = 109, p = 0.01) ,51 and
smoothing and derivative through the SG method w=17,p=2,D =1).
A PLSR model with 3 LVs showed best goodness of fit to calibration data
(R? = 0.923, RMSEC = 1.762 % w/w). However, the model experienced
a drastic decrease in R? upon 10-fold CV (R2 CV = 0.691). The RMSEP
for the hospital pharmacy medicines (1.11 % w/w) was equal to that
obtained through NIRS, equivalent to 3.6 % relative error.

A benchtop transmission Raman spectrometer for API quantification
through closed capsule bodies of conventionally filled pharmaceutical
capsules has previously been investigated.52 The model was developed
with a consistent fill level (100 mg) in white body and red cap gelatine
capsules over a range of 67.5 % w/w to 82.5 % w/w API but was
employed for the prediction of varying fill levels (100 to 400 mg) in
gelatine capsules of different colours. The authors reported a developed
model with RMSEP = 1.1 % w/w, corresponding to 1.5 % relative error
assessed on target fill levels (100 mg) of the formulation containing 75 %
w/w API, whilst higher fill levels increased the relative prediction error
to 2 — 9 %, irrespective of capsule colour.”? Considering the 2.5 times
difference in target levels API (75 % w/w against 30 % w/w) and the
greater specifications of the benchtop transmission Raman system (5-6
cm’! resolution, 1.5 W laser power, 125 mm focal length, and laser
wavelength of 830 nm) compared to those of the handheld MIRA M-1
(resolution of 16-18 cm™, <100 mW laser power, and 785 nm laser
wavelength), the prediction accuracies were not vastly different.”>>°
The reflectance operation of the handheld MIRA device may also have
played a role in the decreased performance of the developed model in
this study as compared to the model developed with transmission
Raman spectra, due to increased signal detection, and potentially
induced fluorescence, arising from the capsule shells.”*°*% Lastly, a
greater number of capsules per API concentration were included in the
referenced study (10 capsules per calibration concentration) against
those included in this study (four capsules per calibration concentra-
tion), leading to a more robust and generalisable model.

A different study reported on backscatter Raman analysis of APIs in
closed capsules and found that capsule shells of different colours such as
yellow, red, and blue were more prone to fluorescence induction and
signal deterioration as compared to white or colourless capsule shells.*®
This finding is further in favour of using white capsule bodies for
non-destructive quantification of the medicines manufactured via a
pharmaceutical 3DP at the PoC for the clinical trial or as part of a
decentralised manufacturing process. The presence of TiOy in the
capsule shells may also have been responsible for reduced goodness of fit
upon CV for both NIR and RS models due to enhanced light scattering,
an often desirable feature for prevention of API degradation and visual
content masking. ®°%6°

Tamoxifen content prediction through open capsules

Detrend pre-processing with a breakpoint at the first spectral point
for NIR spectra acquired by scanning into the open capsules along with
2nd derivation through SG smoothing (w = 15, p = 2) was applied for
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the resulting PLSR model. All spectral points were included in the
development of the PLSR model (4 LVs). Intensified absorbance values
at higher wavelengths are often observed for NIR spectra of solids due to
combination absorbance bands, and the use of detrending, a frequently
employed scatter correction technique for NIRS, can be useful to remove
the baseline effects of these by fitting and subtracting a, usually second
order, polynomial to the signal.®'

A slight increase in coefficient of determination (R? = 0.965) was
obtained compared to scanning through closed capsules, along with an
increase in R? upon 10-fold CV was obtained (R%2CV = 0.880), indicating
a more robust model. The RMSEC was 1.53 % w/w and the prediction
accuracy 1.74 % w/w for the hospital pharmacy samples, corresponding
to a relative error of 5.7 %. Overall, this indicates a more robust model
with better predictive capacities. The slight increase in RMSEC and
RMSEP compared to scanning through closed capsules may be a
consequence of spectra acquisition into the open capsules at a very slight
distance from the capsule shell, potentially leading to signal loss to the
environment as well as signal arising from the environment (i.e. the
capsule holder), although it could also be due to the increased number of
datapoints included in the model. A summary of the applied chemo-
metrics and developed NIR models for both sample presentation modes
is presented in Table 3.

Three different point-and-shoot lens adaptors were explored for
Raman spectra acquisition into open capsules: the SWD lens with a 1.00
mm focal length, the LWD lens with a 7.6 mm focal length, and the
XLWD lens with an 18 mm focal length. Raw and pre-processed spectra
obtained from the application of the XLWD lens adaptor are presented in
Fig. 5. Pre-processing consisted of ALS baseline estimation (lambda =
107, p = 0.05) and SG derivation (w =9, p = 2, D = 1). The PLSR (4 LVs)
model was developed with the spectral points from 750-1750 cm™.

A scatter plot depicting the correlation between actual TC concen-
tration in calibration and validation capsules against the PLSR (4 LVs)
predicted concentrations through Raman spectra obtained with the
MIRA M-1 and XLWD lens attachment are presented in Fig. 5D The
calibration model showed excellent linearity both on full calibration set
(R? = 0.998) and upon 10-fold CV by leave-one-out (R? = 0.951),
indicative of a very robust model. Furthermore, a low RMSEC was
observed at 0.265 % w/w, whilst the RMSEP was only 1.00 % w/w for
the hospital pharmacy medicines, corresponding to a relative error of
3.3 % w. Thus, a very robust and accurate model was obtained through
Raman spectra acquisition with the MIRA M-1 equipped with the XLWD
lens adaptor. Generally, all three lens adaptors for the MIRA M-1 yielded
highly linear models with good predictive performances (Table 3),
which may be due to the Orbital Raster Scan (ORS) technology imple-
mented in the instrument. ORS enables the analysis of a larger sample
surface whilst preserving good instrument spatial resolution and
sensitivity.64

Increasing the focal length of the Raman spectrometer by changing
the lens adaptors should lead to higher spatial resolution and thus better
chemometric models.”>°® However, the focal length of the adaptors did
not seem to impact the generated models as the XLWD and SWD lenses
resulted in models with nearly equal goodness of fit and predictive ca-
pabilities (Table 3). The handheld instrument operation may have been
responsible for the LWD model performing worse than the two other lens
adaptors. The capsule fill level has been reported as insignificant for API
quantification through closed capsule bodies with a benchtop trans-
mission Raman.®”> However, for reflectance Raman spectra acquisition
into the open capsules from above, fill level and shape may play an
important role for sample-to-detector distance, and thereby influence
the resulting chemometric models if these are not appropriately elimi-
nated through pre-processing.°® Mostly, the handheld aspect of this
acquisition mode may have induced further differences in
sample-to-detector distance, influencing the resulting quantitative
models.®”
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Table 3
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Summary of pre-processing parameters and selected LV for PLSR model development and evaluation metrics for each acquisition mode (open and closed capsules) for

handheld NIRS and RS instruments.

Parameter Mode (lens) Scatter correction & baseline SG Spectral LV Goodness of fit Accuracy
estimation points* (RMSEP)
Closed SNV w=5p=2D= Al 4 R? = 0.956, R? CV = 0.793, RMSEC = 1.19%
NIR 2 1.33%
Open Detrend, (bp = 1) w=15p=2,D= Al 4 R? = 0.965, R? CV = 0.880, RMSEC = 1.74 %
2 1.53 %
Closed (vial)  Baseline, (I = 10%, p = 0.01) w=17,p=2,D= Al 3 R? = 0.923, R? CV = 0.691, RMSEC = 1.11 %
1 1.762 %
Open (SWD)  Baseline, (I = 107, p = 0.05) w=9,p=2,D=  750-1750cm™ 3 R? = 0.992, R? CV = 0.947, RMSEC = 0.97 %
Raman 1 0.581 %
Open (LWD)  Baseline, (I = 10%, p = 0.01) w=9,p=2,D=  750-1750cm™ 4 R? = 0.987, R? CV = 0.881, RMSEC = 1.80 %
1 0.728 %
Open Baseline, (I = 107, p = 0.05) w=9,p=2,D=  750-1750cm™ 4 R? = 0.998, R? CV = 0.951, RMSEC = 1.00 %
(XLWD) 1 0.265 %

Abbreviations: SNV - standard normal variate; bp — breakpoint; 1 - lambda; p (scatter correction column) — asymmetry factor; SG — Savitzky-Golay; w = filter width; p
(SG column) — polynomial; D — derivative; LV — latent variables; CV - cross validation.

* Spectral points refer to the selected spectral points (wavenumbers).
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Fig. 5. Selected raw and pre-processed Raman spectra (one spectrum per 20 %, 30 %, and 40 % calibration samples) from acquisition into open capsules with XLWD
lens adaptor along with developed PLSR model. (A) Raw spectra, (B) spectra subjected to baseline estimation via ALS, (C) 1** derivative spectra following baseline

estimation, and (D) developed PLSR model with 4 LVs.

Tamoxifen quantification in hospital pharmacy compounded medicines

It is vital to determine the dose of API in medicines to be given to
patients. Fruitful discussions between pharmaceutical 3DP stakeholders
and regulatory authorities (such as the U.S. Food and Drug Adminis-
tration (FDA),68 U.K. Medicines and Healthcare products and Regula-
tory Agency (MHRA),°”’° and European Medicines Agency (EMA)’")
have yielded publications on the potentiality of 3DP as part of a

decentralised pharmaceutical manufacturing paradigm. Until now,
reference to available pharmacopeial monographs for conventional
pharmaceuticals have mostly been applied in existing cases of clinical
studies on medicines produced by 3DP as specific guidelines had not yet
been formalised.®'%!! Early 2025, the UK government signed into law
the amendment “Modular Manufacture and Point of Care” to The
Human Medicines Regulations Statutory Instruments 2025 no 87 in
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which 3DP of personalised medicines will fall under the Modular
Manufacturing umbrella with respective Control Sites (i.e. hubs) and
Modular Manufacturing Sites (i.e. spokes).”? Coming into effect on 23rd
July 2025, this shift in paradigm of medicines manufacturing is set to
transform the landscape of personalised therapy through 3DP.

For personalised printlets and small-batch purposes of medicines
produced from 3DP, it is important to verify the dose of each individual
dosage unit as statistical inference methods remain infeasible. The
predicted TC concentration in each capsule produced in the Clinical
Pharmacy Department of Gustave Roussy hospital from the NIRS and RS
PLSR models are presented in Fig. 6. No statistical difference was found
for predicting TC concentration through closed capsules by NIRS (p =
0.9048) nor RS (p = 0.1192) models compared to the reference HPLC
method. Similarly, models developed from spectra acquisition into open
capsules showed no statistically significant differences for NIRS (p =
0.1790), RS with SWD (p = 0.2838) and XLWD lenses (p = 0.2819),
although significant differences were found for RS with LWD lens
attachment (p = 0.0002). Hence, both miniaturised spectroscopic
methods would be suitable as non-destructive QC methods for TC
quantification in the hospital for the capsules filled via pharmaceutical
3DP

Dose verification through NIRS and RS will only be applicable if the
mass of each dosage unit can also be determined alongside the con-
centration determination from the chemometric models. Here, accep-
tance limits for tamoxifen dose were applied based on U.S.
pharmacopoeia requirements, stating that for conventional TC tablets,
tamoxifen doses should remain within 90 to 110 % of the labelled
amount. The mass of TC deposit in each of the capsules produced at the
hospital pharmacy was determined off-line with an analytical balance,
and hence the tamoxifen dose was verified in all instances. Recently, the
in-line integration of analytical balances within pharmaceutical 3D
printers have been reported, meaning that the mass of the printlets
produced could be assessed in real-time for instant dose uniformity as-
sessments, yielding an automated production and partial QC pro-
cess.>?>73 In the future, miniaturised spectroscopic analysers, such as
those investigated in this work, may also be integrated in-line within
pharmaceutical 3D printer systems alongside an analytical balance,
which would allow for in-line QC such as dose, immediately verifying
the appropriateness for dispensing of the printlets to patients. Such
automated systems hold the potential to significantly improve the
prospect of personalised medicines from both patient, healthcare pro-
fessionals, manufacturer, and socioeconomic perspectives.”*

As both techniques and spectra acquisition methods proved suitable
in TC quantification in the capsules, the decision whether to utilise
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miniaturised NIR or Raman analysers going forward may be influenced
by other aspects. First, if the overall aim is in-line integration of the
spectroscopic analyser within the printer system for an automated
production and QC process, it may depend on whether the analyser can
be controlled using third-party software (i.e. software also controlling
3D printer). For this purpose, scanning into open capsule bodies would
be the likely scenario through spectra acquisition in similar fashion to
the capsule filling process (i.e. through a movable attachment), whereas
scanning through closed capsule bodies would likely require manual
handling and operation. In addition, user safety may also guide future
selection. Raman analysers contain and rely on monochromatic laser
radiation and depending on the class of laser in the system, additional
personal protective equipment may need to be considered for operating
staff and anyone in vicinity of the laser.”® Lastly, depending on the
use-cases of the 3D printer (i.e. at hospital or community pharmacies vs
as part of a decentralised manufacturing scheme), costs of the spectro-
scopic analysers may potentially also be a factor guiding selection.

Developing chemometric models may often lie outside the capacity
of healthcare professionals, hence this is an aspect that requires
consideration for implementation feasibility. Chemometric model
development services could be performed by third-parties or as part of
the “hub-and spoke” framework (i.e. through chemometrics pro-
fessionals at the ‘hub’ overseeing and guiding multiple ‘spokes’).
Another likely scenario is automated chemometric model development
powered by integrated ‘intelligent’ healthcare software controlling the
entire 3D printing systems, with appropriate controls in place according
to existing regulation.

The results obtained in this study confirm the applicability and
feasibility of the “hub-and-spoke” model for QC of decentralised or
distributed manufacturing of personalised medicines produced by
pharmaceutical 3DP. The presented results highlight that the production
of calibration samples for chemometric model development may be
carried out a hub (control site, here, research environment) whilst
spectra acquisition for model development and deployment may be
accomplished at a spoke (manufacturing site, here, the Gustave Roussy
Hospital Pharmacy) for successful dose determination at the PoC
manufacturing facility (or modular manufacturing facility according to
the new UK legislati0n72).

Conclusion
For the first time, two miniaturised, handheld NIR and Raman

spectroscopic analysers were assessed as a non-destructive QC method
for rapid tamoxifen quantification in personalised medicines
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Fig. 6. TC concentration in each individual capsule produced in the Clinical Pharmacy department predicted by the developed NIR and Raman XWLD models for
spectra acquisition into open capsules compared to reference quantitation by HPLC. * Indicative of statistically significant differences.
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manufactured via a 3D printer in a hospital pharmacy for a clinical trial.
Spectra acquisition both from above into the open capsules and through
the closed capsule shells yielded highly linear and predictive PLSR
models for both NIR and Raman spectrometers. Both NIR and Raman
models were capable of accurately determining the tamoxifen concen-
tration in each dosage unit produced in the hospital pharmacy with no
statistically significant differences for predicted concentrations when
compared to the established HPLC method for all models but one point-
and-shoot Raman model. Both NIR and Raman models were suitable to
determine if the dose units produced at Gustave Roussy hospital phar-
macy contained appropriate tamoxifen doses for the participants of the
clinical trial when combined with weights of the tamoxifen deposits
recorded manually, off-line for each capsule. This work demonstrates
the feasibility of accurately quantifying API in compounded capsules in
a clinical setting by miniaturised spectrometers for non-destructive and
rapid analysis. In addition, the feasibility of developing non-destructive
quantitation models for use at the PoC through a ‘hub-and-spoke’
framework was proven through calibration sample manufacture at the
‘hub’ (i.e. control site) with spectra acquisition and model employment
for QC at the ‘spoke’ (i.e. manufacturing site).
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