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Metformin hydrochloride (MHCI) is administered at high doses and requires robust formulation
strategies to balance rapid drug availability with controlled-release performance. This study applied a
Quality by Design (QbD) framework to develop immediate-release (IR) and prolonged-release (PR)
MHCI granules and to evaluate the impact of binder selection on product quality and release behavior.
Formulations were produced via wet granulation using polyvinylpyrrolidone (PVP), gelatin, and pregelat-
inized starch 1500 as binders. PR granules were further coated with Eudragit® RS/RL using a fluid-bed
process. Risk assessment tools (Ishikawa and FMECA) guided the identification of critical quality attrib-
utes (CQAs), critical material attributes (CMASs), and critical process parameters (CPPs). Compatibility
studies confirmed the absence of drug—excipient interactions. All IR formulations demonstrated rapid dis-
solution (> 90 % release within 5 min). Uncoated PR granules exhibited partial release control, while
coated formulations showed binder-dependent differences in particle size distribution and dissolution per-
formance. The gelatin-based PR formulation provided the most consistent release profile and the closest
alignment with United States Pharmacopeia (USP) extended-release criteria, as it demonstrated low vari-
ability and minimal intermediate-point deviations. The study confirmed that binder selection was a high-
impact critical material attribute for achieving robust prolonged-release MHCI granules within a QbD-
driven development strategy.

Keywords: metformin hydrochloride; Quality by Design; wet granulation; binder selection;
prolonged-release granules; fluid-bed coating

KBAJIMTET IPEKY AN3AJH IIPUCTAII 3A PA3BOJ HA TPAHYJIM CO MET®OPMUH
XUAPOXJOPU CO BP30 UITPOAOJI’KEHO OCJIOBOlYBAIBE

Metpopmun xuapoxiopun (MHCI) ce agmuHHCTpupa BO BHCOKH 103U M Oapa poOycTHH
(GOpMyNalMCKK CTpaTeruy 3a Ja Ce NOCTUTHE paMHOTEe)Xa Mmomery Op3ara DOCTAaHOCT Ha JEKOT U
KOHTPOJIMPAHOTO OCl0001yBamke. Bo oBaa cTyauja Oellie MPUMEHET NPUCTANOT ,,KBAIUTET MPeKy Arm3ajH
(QbD) 3a pa3Boj Ha rpanymu Ha MHCI co 6p30 ocmo6omyBame (IR) m mpogoimkeHo ocinobomayBame (PR),
KaKo Y 3a MPOLICHKA Ha BIIMjaHHETO Ha M300POT HA Bp3yBad BP3 KBAIMUTETOT HA MPOM3BOIOT U MPODIIOT
Ha ocnobonyBame. Popmynammure Oea TIOATOTBEHH CO BII@KHA TpaHyJalyja KOpPUCTEjKU
nosmBuHIIMpo Ao (PVP), skemarmH u npexenatnHmupad ckpo6 1500 kako Bp3yBaunm. PR
TpaHyluTe JOTOJHHUTETHO Oca oOnokeHr co Eudragit® RS/RL co mpmmena Ha (iaywmg-Oem TEXHHKA.
Anarkure 3a npoueHka Ha pwsuk (Mivkasa nujarpam 1 FMECA) Gea uckopuctenu 3a uieHTuduUKaimja
Ha kpuriaaure atpuOyti Ha kBamreT (CQA), kpurmynure arpuOytn Ha Marepujamure (CMA) u
kpurngHure nporiecHn mapametpu (CPP). Cryammre 3a KOMIATHOWIHOCT TOTBpAMja JeKa HeMa
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WHTEpaKIMM MoMmely JeKoT W mnomomuHure cynctaHimy. Cure IR ¢dopmynamm mokaxaa Op3o
ocnoboayBame (> 90 % Bo pok ox 5 muHyTH). HeoOmoxxernre PR rpaHynm nmokaxaa aeryMHa KOHTPOJIA
Ha 0CJI000/IYBamkETO, JI0jIeKa 00I0KeHHTe (HOpMYJIaly NIoKaXkaa Pa3jiMKh BO OJIHOC Ha pacrpejenioara
Ha TOJIeMHHATa HA YECTHYKHTE M Op3MHATa Ha OCIO0OIyBame BO 3aBHCHOCT O]l THIOT HA BP3yBadoT.
Qopmynaimjara OasupaHa Ha KelaTHH 00e30e1u HAjKOH3UCTEHTEH MNpo¢wl Ha 0cCI00O0LyBame HU
Haj 00O yCOoTIacyBame cO KPHTCPHYMHUTE 32 IMPOJODKEHO 0CI000AyBamke HABSACHN BO aMEPHKAHCKATA
¢dapmakorneja (United States Pharmacopeia), co Hucka BapHjaOWIHOCT U MUHAMAIHU OTCTAaIlyBamba BO
Merytoukure. CTynujata TOTBpAM JeKa M300pOT Ha Bp3yBad € KPUTHUEH aTpuOyT Ha Marepujal co
3HAYMTEJIHO BIIMjaHUE 3a MOCTUrHyBambe poOycTHH rpaHyny Ha MHCI co mpomosmkeHo ocio60oayBamke BO

pamku Ha QbD npucTaror.

Knyunu 360poBu: MeTHOPMHUH XUAPOXIOPHIT; KBATUTET MPEKY IN3ajH; BIKHA TPaHyJIaIlja;
m00p HA Bp3yBay; TPaHyJId CO MPOIODKCHO 0CII000 IyBamke; 00JI05KyBamke co (hiayma-6e

1. INTRODUCTION

Type 2 diabetes mellitus (T2DM) is a pro-
gressive metabolic disorder characterized by insu-
lin resistance and impaired glucose metabolism. It
accounts for approximately 95 % of all diabetes
cases and affects over 800 million people world-
wide as of 2024. Among the available therapies,
metformin hydrochloride (MHCI), a hydrophilic
biguanide derivative, remains the first-line phar-
macological treatment.1.2

MHCI primarily suppresses hepatic gluconeo-
genesis, enhances peripheral insulin sensitivity, and
reduces intestinal glucose absorption. Long-term
clinical studies have confirmed its ability to lower
glycosylated hemoglobin (HbAlc), reduce cardio-
vascular morbidity, and improve body weight and
lipid profiles, with a minimal risk of hypoglycemia.?

Despite these advantages, MHCI requires
relatively high daily doses (500-2250 mg), which
creates formulation and patient compliance chal-
lenges. Large tablet sizes and high drug-to-
excipient ratios can complicate administration, par-
ticularly in geriatric patients and individuals with
dysphagia.* Recognizing these issues, the U.S.
Food and Drug Administration (FDA) issued guid-
ance in 2015 emphasizing the importance of solid
oral dosage form characteristics, such as size,
shape, and swallowability, as determinants of ad-
herence. Consequently, alternative delivery ap-
proaches are needed to overcome the limitations of
conventional MHCI tablets while maintaining effi-
cacy and safety.56

Oral granules represent a versatile and pa-
tient-friendly alternative to conventional solid dos-
age forms. They enable flexible dose titration, can
be administered after reconstitution in water or by
being mixed with soft food, and allow for the
modulation of drug release profiles, making them
particularly suitable for pediatric and geriatric
populations.”

MHCI is classified as a Biopharmaceutics
Classification System (BCS) Class Il drug, indi-
cating high aqueous solubility but low intestinal
permeability. Its absorption is, therefore, permea-
bility-limited rather than dissolution-limited, sug-
gesting that formulation strategies should ensure
rapid dissolution while potentially prolonging mu-
cosal contact to optimize bioavailability.® Howev-
er, MHCI granulation is challenging due to its high
water solubility (> 300 mg/ml), hygroscopicity,
poor compressibility, and tendency to agglomer-
ate.5 To achieve immediate-release (IR) or pro-
longed-release (PR) profiles, the careful selection
of binder type and concentration is essential, as
these factors influence granule integrity, drug re-
lease kinetics, and process performance.

The Quality by Design (QbD) framework, as
outlined in International Council for Harmonisa-
tion of Technical Requirements for Pharmaceuti-
cals for Human Use (ICH) Q8(R2),° offers a struc-
tured, science-based approach to pharmaceutical
development. QbD involves defining a Quality
Target Product Profile (QTPP), identifying Critical
Quality Attributes (CQAs), and applying risk as-
sessment tools, such as Ishikawa diagrams and
Failure Modes, Effects, and Criticality Analysis
(FMECA), to determine Critical Material Attrib-
utes (CMAs) and Critical Process Parameters
(CPPs). This systematic strategy supports the es-
tablishment of a design space, robust process con-
trol, and regulatory compliance.

The objective of this paper was to imple-
ment a QbD framework®10 in the formulation of
MHCI granules for immediate-release and pro-
longed-release oral administration. Three pharma-
ceutical binders, polyvinylpyrrolidone (PVP), gela-
tin, and pregelatinized starch 1500, were selected
based on their physicochemical and regulatory
suitability for wet granulation. Granules were pre-
pared by manual wet granulation and characterized
for key CQAs, including particle size (PS), particle
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size distribution (PSD), bulk and tapped density,
moisture content, drug content uniformity, and dis-
solution performance. A structured risk assessment
was performed to evaluate the impact of binder
type and process parameters on product quality and
to establish control strategies supporting robust
formulation design. This work provides a risk-
informed, binder-focused application of QbD im-
plementation in early-stage pharmaceutical devel-
opment, aiming to enhance process understanding
and rational formulation design for patient-
compliant MHCI granule dosage forms.

2. EXPERIMENTAL SECTION
2.1. Materials

Metformin hydrochloride (MHCI) (kindly do-
nated by Alkaloid AD, Skopje, North Macedonia)
was used as the active pharmaceutical ingredient.
Excipients included a-lactose monohydrate (VWR,
Germany) and microcrystalline cellulose (MCC)
(FMC, USA) as fillers; croscarmellose sodium
(Barentz, Netherlands) and sodium starch glycolate
(Merck, Germany) as superdisintegrants; sucrose
(Merck, Germany) as a sweetener; and talc (Inter-
hem, North Macedonia) as glidant and lubricant.
Binders were polyvinylpyrrolidone (PVP) K29/32
(Acros Organics, Belgium), gelatin (Merck, Germa-
ny), and pregelatinized starch 1500 (Colorcon, Ger-
many), selected for regulatory acceptability and dif-
fering binding properties. Purified water served as the
granulating solvent. Prolonged release (PR) granules
were coated with Eudragit® RS 100 and RL 100
(Evonik, Germany) and plasticized with triethyl cit-
rate (Merck, Germany), with talc as an anti-tacking
agent and ethanol as the coating solvent. All materi-
als were of Pharmacopeial or analytical grade and
were used as received.

Table 1

2.2. Quality by design approach

The development of MHCI granules was per-
formed under the Quality by Design (QbD) frame-
work, consistent with ICH Q8(R2) and Q9 guide-
lines.>1 The process involved defining the QTPP,
identifying CQAs, and establishing links to CMAs
and CPPs. Risk assessment included the use of Ishi-
kawa (fishbone) diagrams to identify potential vari-
ability sources and FMECA to prioritize risks based
on severity, probability, and detectability. This sys-
tematic approach guided binder selection, process
optimization, and formulation robustness.

2.3. Preparation of immediate-release granules

Three immediate release (IR) formulations
(F1-F3), each containing 500 mg of MHCI per
dose, were prepared at a batch size of 100 g, differ-
ing only in binder type (PVP, gelatin, or pregelati-
nized starch 1500) (Table 1).

All ingredients were sieved (2.0 mm mesh),
manually dry-blended in a mortar using a pestle,
and manually granulated using 5% w/v aqueous
binder solutions (corresponding to 2.5 g of binder in
50 g of purified water). For gelatin, the solution
temperature was maintained at approximately 30 °C
to ensure solubility. The binder solution was added
at an approximate rate of 10 ml/min, ensuring uni-
form wetting of the powder mass without over-
wetting. Following binder addition, the wet mass
was manually kneaded for 5 min per cycle to
achieve a cohesive and uniformly wetted mass.
This procedure was repeated five times, resulting
in a total effective kneading time of 25 min. The
wet mass was passed through a 2.0 mm sieve and
dried in a tray oven at 50-60 °C for 60 min. The
dried granules were re-sieved (2.0 mm mesh) and
stored for evaluation.

Composition of metformin hydrochloride immediate-release granules

Ingredient (% (w/w)) Function F1 IR F2 IR F3 IR
Metformin hydrochloride API 50 50 50
Croscarmellose sodium Superdisintegrant 25 2.5 2.5
Sodium starch glycolate Superdisintegrant 5 5 5
Lactose monohydrate Filler 27.25 27.25 27.25
Microcrystalline cellulose Filler/Binder 10 10 10
Polyvinylpyrrolidone Binder 25 - -
Gelatin Binder - 25 -
Pregelatinized starch 1500 Binder - - 2.5
Sucrose Sweetener 2 2 2
Talc Lubricant/Glidant 0.75 0.75 0.75
Total / 100 100 100
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2.4. Preparation of prolonged-release granules

PR granules were prepared similarly to IR
formulations but without disintegrants. These un-
coated PR granules were designated as F1 PR-U,
F2 PR-U, and F3 PR-U, respectively. After drying,
granules retained between 1.4 and 2.0 mm were
subjected to film coating in a laboratory-scale flu-
id-bed coater (Freund-Vector Corporation, USA)
using a dispersion composed of: Eudragit® RS 100
(54 g), a water-insoluble low-permeability polymer
forming film backbone; Eudragit® RL 100 (6 g),
more permeable polymer that modulated film poros-
ity and adjusted permeability; triethyl citrate (9 g) as
plasticizer; talc (15 g) as anti-adherent; and ethanol
(540 g) as solvent (formulations F1 PR, F2 PR, and
F3 PR accordingly). The effective MHCI granules-
to-total Eudragit ratio used for coating PR granules
was 1:0.94 (£0.16), consistent with the typical varia-
bility expected in laboratory-scale fluid-bed process-
es. Key coating parameters were maintained as fol-
lows: inlet temperature 55-60 °C, product tempera-
ture 4045 °C, atomization air pressure 500-600
mbar, airflow 150-160 I/min, and spray rate 5 rpm.

2.5. Characterization of granules

2.5.1. Spectroscopic analysis (FTIR and Raman)

Fourier transform infrared (FTIR) and Ra-
man spectroscopy were used to assess potential
interactions between MHCI and excipients during
granulation and coating. FTIR spectra (Cary 600
FTIR spectrometer with diamond ATR accessory,
Agilent Technologies, USA) were recorded over
4000-650 cm-1. Raman spectra were acquired us-
ing an optical probe coupled to a portable Raman
spectrometer (ATR3000-DH, Optosky, China),
equipped with a 1064 nm excitation laser. Spectra
were collected at a laser power of 400 mW, with a
cumulative integration time of 60 s and an expo-
sure time of 60 s.1213

2.5.2. Particle size and particle size distribution

Particle size (PS) and particle size distribu-
tion (PSD) of the immediate-release (IR) (F1-F3
IR) and uncoated prolonged-release (PR-U) (F1-
F3 PR-U) granules were determined by laser dif-
fraction141> using a Mastersizer 2000 equipped
with a Scirocco 2000 dry powder feeder (Malvern,
UK). PS was expressed as Dso + SD, and PSD as
the SPAN factor. Measurements were conducted at
2 bar pressure and 50 % feed rate, with obscuration
maintained between 2 % and 3 %. The Mie optical

model was applied, with particle refractive index
(RD) of 1.52, absorption (Ai)of0.1, and standard
dispersant settings. Each sample was analyzed 3-5
times, and mean values were calculated.

For the PR granules (F1-F3 PR), laser dif-
fraction was unsuitable due to their larger particle
size. Instead, PS was determined by optical mi-
croscopy with image analysis using ImageJ soft-
ware.16 Additionally, the PS of formulations F1-F3
IR and F1-F3 PR-U was also measured using the
same method. For each formulation, at least 1500
particles per sample (n = 3) were analyzed to ob-
tain representative PS and PSD values.

2.5.3. Granule morphology

The morphology of IR and PR granules was
evaluated by optical microscopy (Zeiss Axio Scope 5
with Axiocam 208 Color camera, Carl Zeiss Micros-
copy, Germany) under reflected-light and dark-field
illumination at 25x magnification. Approximately 0.1
g of sample was spread on a microscope slide and
scanned to obtain representative micrographs, which
provided a qualitative assessment of granule shape
and surface characteristics.1718

Micrographs were analyzed using Imagel
software.16 Images were converted to 8-bit grayscale,
and the "Waviness and Roughness" plugin was ap-
plied with a 120-pixel cutoff to reduce background
interference. Surface profile plots were generated,
and the data (distance in pixels and gray value) were
exported for analysis. The gray values were used to
calculate the mean intensity and the arithmetic aver-
age roughness (Ra) (Eqg. 1) as the mean absolute de-
viation from the overall mean gray value:

1 -
Ra=;2§v=1 lyi =y I 1)

where vyi is the gray value at point i, and y is the
mean gray value.

The root-mean-square roughness (Rq) (Eq.
2) was calculated as the square root of the mean
squared deviations from the mean:

Ro= 1T w-pr @

In this analysis, Rq corresponds numerical-
ly to the standard deviation of the gray-value dis-
tribution and provides information similar to Ra,1°
but with slightly greater sensitivity to higher peaks
and deeper valleys. Together, these parameters
together allow a quantitative comparison of surface
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roughness among the different binder types and
coating conditions.

2.5.4. Moisture content (loss on drying)

Residual moisture was determined using a
halogen moisture analyzer (Mettler Toledo HB43-
S, Switzerland).2021 Granules were analyzed after
drying and re-sieving through a 2.0 mm mesh
sieve. An accurately weighed sample of approxi-
mately 1.0 g was placed in the weighing pan, even-
ly distributed, and dried at 105 °C using the stand-
ard drying program until a constant mass was
achieved, defined as a mass change not exceeding
1 mg over a 50 s interval. The measurements were
performed in triplicate to ensure the reliability of

the results. Moisture content values of < 2.0%

were targeted to maintain granule stability and
flowability.

2.5.5. Flow properties

Bulk and tapped densities were determined
in accordance with the European Pharmacopoeia
(Ph. Eur.) 2.9.36.22%5 A 100 g sample of each for-
mulation (IR and PR) was placed into a 250 mL
graduated cylinder and subjected to 1250 taps us-
ing a tap density tester (Erweka SVM 102, Germa-
ny). Carr's index (Eqg. 3) and the Hausner ratio (Eq.
4) were subsequently calculated to evaluate gran-
ule flowability and packing characteristics, where
pb and pt represents the bulk and tapped densities,
respectively.

Cl (%) = 2= x 100 3)
P
Hausner ratio = 2 4)
pb

2.5.6. Drug content

Drug content of formulations F1-F3 IR and
F1-F3 PR-U was determined by Ultraviolet-
Visible (UV-Vis) spectrophotometry (Agilent Cary
60 UV-Vis Spectrophotometer, Agilent Technolo-
gies, USA) at 230 nm. Calibration standards (1-15
pg/mL) were prepared in purified water in tripli-
cate to obtain a linear calibration curve. For analy-
sis, 200 mg of granules were dissolved in 100 mL
purified water, filtered through a 0.45 um regener-
ated cellulose (RC) membrane filter, and appropri-
ately diluted (to approximately 10 pg/mL MHCI)
prior to measurement.

Maced. J. Chem. Chem. Eng. 45 (1), 131-151 (2026)

For coated PR formulations (F1-F3 PR), the
MHCI assay was performed using HPLC (Agilent
1290 Infinity Il LC System, USA) with detection
at 230 nm. Quantification was based on the peak
area ratio relative to a standard solution (0.05
mg/mL) prepared in diluent (water and acetonitrile
(Merck, Germany) (90:10 v/v)). For sample prepa-
ration, 2 g of granules was dispersed in 100 mL of
acetonitrile and sonicated (15 min, degassing
mode). After adding approximately 200 mL of pu-
rified water, the mixture was stirred for 45 min,
diluted to 500 mL with purified water, and manual-
ly shaken for 1 min to ensure homogeneity. The
solution was centrifuged (2500 rpm, 10 min); 5.0
mL of the clear supernatant was diluted to 100 mL
with diluent and filtered through a 0.45 um RC
membrane (the first 5 mL discarded), yielding a
final concentration of 0.05 mg/mL. Separation was
achieved on a Sun Fire C8 column (Waters, USA)
(150 x 4.6 mm, 5 um) at 25 °C, using a mobile
phase consisting of phosphate buffer (pH 3.0) and
acetonitrile (955, v/v) at a flow rate of 1.0
mL/min. The phosphate buffer was prepared by
dissolving 2.76 g sodium dihydrogen phosphate
monohydrate (Merck, Germany) and 0.871 g sodi-
um 1-pentanesulfonate (Merck, Germany) in 800
mL water, adjusting pH to 3.0 with diluted ortho-
phosphoric acid (Merck, Germany) (11.5% w/w
HsPOs4 in water), and diluting to 1000 mL, fol-
lowed by filtration through a 0.20 um membrane
filter. The injection volume was 10 pL, and the
total run time was 5 min. Drug content was as-
sessed on at least three samples per formulation
and expressed as mean = SD (standard deviation).

2.5.7. Drug release

Dissolution testing of formulations F1-F3
IR and F1-F3 PR-U was performed using dissolu-
tion testing USP Apparatus | (rotation basket) at
100 rpm (Erweka DZT, Germany). One gram of
granules was placed in 900 mL phosphate buffer
(pH 6.8, 37 = 0.5 °C) prepared according to Ph.
Eur. 4.1.3% by mixing 51.0 mL of a 27.2 g/L solu-
tion of potassium dihydrogen phosphate (Merck,
Germany) with 49.0 mL of a 71.6 g/L solution of
disodium hydrogen phosphate (Merck, Germany),
adjusting the pH if necessary. Samples (10 mL)
were withdrawn at 5, 10, 15, 20, 30, and 45 min
and replaced with fresh dissolution medium. After
filtration through a 0.45 um membrane filter, sam-
ples were analyzed by UV/Vis spectrophotometry
(Agilent Cary 60, USA) at 230 nm. Tests were
conducted in triplicate, and results are expressed as
mean cumulative drug release (%) * SD.
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For PR formulations, 2 g of coated granules
was tested in 1000 mL of phosphate buffer (pH
6.8, 37 £ 0.5 °C). Samples (10 mL) were collected
at 1, 2, 3,4, 5,6, 7,8, 10, 12, 14, and 24 h, with
preheated medium replenished after each with-
drawal. Filtered samples (0.45 um) were analyzed
by HPLC (Agilent 1290 Infinity Il LC System,
USA) at 230 nm. Dissolved MHCI (%) was calcu-
lated from peak area ratios relative to a standard
solution. All tests were performed in triplicate and
reported as mean cumulative release (%) + SD.

2.5.8. Statistical analysis

Homogeneity of variances was assessed us-
ing Levene's test.2’” Depending on the results, either
Welch's ANOVA (when homogeneity was violat-
ed, p < 0.05) or standard one-way ANOVA (when
homogeneity was satisfied, p > 0.05) was applied,
followed by appropriate post hoc tests (Games—
Howell or Tukey, respectively).2” Statistical signif-
icance was set at p < 0.05.

3. RESULTS AND DISCUSSION
3.1. Quality target product profile

The Quality Target Product Profile (QTPP)
(Table S1, Supplementary Material) guided the
development of IR and PR MHCI granules to meet
the intended clinical performance. Both were de-
signed as oral granules for direct use or reconstitu-
tion, enabling flexible dosing and improved ac-
ceptability in patients with swallowing difficul-
ties.28 A 500 mg dose was selected. The IR gran-
ules targeted a rapid release (= 80% within
45 min), while the PR granules aimed for a 24 h
prolonged release. Key physical attributes ensured
manufacturability and consistent performance: Dso
of 0.5-1.5mm (IR) and 2-3 mm (PR), as well as
SPAN factor of < 2.0 for flow, dose uniformity,
and predictable dissolution. The granules were
white to off-white, free-flowing, and had a mois-
ture content of < 2.0%. Quality attributes aligned
with regulatory expectations: assay 95-105%, con-
tent uniformity a relative standard deviation (RSD)
of < 5%, and dissolution profiles matching the tar-
geted release profiles. Microbiological limits fol-
lowed Ph. Eur. standards?® (total aerobic microbial
count (TAMC), total yeast and mold count
(TYMC), absence of Escherichia coli). Packaging
in moisture- and light-protective unit-dose sachets
or hard gelatin capsules was selected to maintain
stability and usability. This QTPP provided the

basis for identifying CQAs, risk assessment, for-
mulation optimization, and process design within
the QbD framework.

3.2. Critical quality attributes

Critical Quality Attributes (CQAs) are phys-
ical, chemical, biological, or microbiological at-
tributes that must remain within defined limits to
ensure compliance with the QTPP (ICH Q8(R2)
and ICH Q9.911 The identified CQAs (Table S2,
Supplementary Material) ensured that both IR and
PR MHCI granules met the clinical performance
and stability requirements. Assay (95-105%) and
content uniformity (RSD < 5%) were critical for
accurate dosing and a consistent therapeutic effect.
Moisture content (< 2.0%) was critical due to its
impact on chemical stability, dissolution, and mi-
crobial quality, especially for the hygroscopic
MHCI. PS and PSD were CQAs for IR (Dso: 0.5
1 mm; SPAN factor < 2) and PR granules (Dso: 2—
3 mm; SPAN factor < 2), affecting flow, uniformi-
ty, and dissolution. Dissolution was a key perfor-
mance attribute: the IR granules required > 80%
release within 45 min, whereas the PR granules
targeted a 24 h controlled release. Granule integrity
was critical only for the PR granules; the IR gran-
ules required rapid disintegration. Microbial quali-
ty followed Ph. Eur. standards.?® Flow properties
(Carr's index < 15%; Hausner ratio < 1.18) was
monitored but not classified as a CQA unless they
impacted uniformity or dissolution. This CQA
identification guided formulation optimization and
risk-based process control in the QbD framework.

3.3. Critical material attributes

Critical Material Attributes (CMAs) are physi-
cochemical or biological properties of the active
pharmaceutical ingredient (API) and excipients that
influence product CQAs. Identifying and controlling
CMAs within the QbD framework enables mechanis-
tic understanding of granule formation, drug release,
and performance.®1t MHCI poses challenges due to
its high solubility (> 300 mg/ml), hygroscopicity,
and poor compressibility,30 requiring careful excip-
ient selection for the development of robust gran-
ules and reproducible release. The composition of
the IR granules was intentionally designed to bal-
ance rapid disintegration, granule cohesion, and
processability, with excipients selected through a
function-driven approach to meet the required per-
formance. Key CMAs (Table S3, Supplementary
Material) include API PS and PSD, hygroscopicity,
and bulk density, which affect uniformity, moisture
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sensitivity, and flow. Binder type and concentra-
tion (PVP, gelatin, pregelatinized starch 1500)
govern granule cohesion and dissolution, requiring
optimization for both IR and PR systems.31

The IR granules rely on disintegrants
(croscarmellose sodium and sodium starch glyco-
late) for rapid release. These disintegrants were
used together to combine complementary mecha-
nisms: croscarmellose sodium rapidly draws water
into the granule via capillary channels and swelling
multidirectionally to initiate disintegration, while
sodium starch glycolate absorbs water and swells
extensively (up to 7-8 times its volume), physical-
ly disrupting the matrix. Together, these mecha-
nisms ensure rapid and reliable granule disintegra-
tion.3233 The PR formulations depend on Eu-
dragit® coating properties for sustained release.
Fillers (a-lactose monohydrate and microcrystal-
line cellulose) improve bulk and flow but may af-
fect moisture uptake. Talc serves as a lubricant and
anti-adherent, enhancing manufacturability but
potentially retarding dissolution at high levels. Su-
crose functions as a binder, diluent, and mild
sweetener in wet granulation, improving agglom-
eration and palatability of the bitter MHCI without
significantly affecting release. The low levels used
comply with European Union guidance (approxi-
mately 5 g per dose), ensuring negligible sugar
exposure.3* The quantity of purified water is also
critical, as over-wetting may cause agglomeration
or pose a microbial risk. The most formulation-
sensitive CMAs, APl PS/PSD, binder, disintegrant,
and polymer film properties, strongly impact mois-
ture content, granule integrity, and dissolution,
supporting consistent IR and PR quality.35

3.4. Critical process parameters

Critical Process Parameters (CPPs) are
measurable and controllable process variables that
directly affect CQAs, ensuring consistent compli-
ance with the QTPP.%11 For MHCI granules, CPPs
were identified across weighing, binder prepara-
tion, wet granulation, sieving, drying, and coating
(PR only) using prior knowledge, preliminary tri-
als, and risk assessment (Table S4, Supplementary
Material). For IR granules, the critical parameters
include the binder addition rate, kneading time,
drying temperature, and resulting PS and PSD,
which govern granule cohesion, disintegration, and
rapid dissolution. For the PR granules, the coating
parameters, spray rate, atomization pressure, and
inlet air temperature, ensure uniform polymer films
and reproducible prolonged release. Overall, the
manufacturing of MHCI granules is sensitive to
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material handling and process conditions. Control-
ling CPPs within a defined design space reduces
variability in moisture content, granule integrity,
and dissolution, supporting consistent IR and PR
quality. A systematic CPP—-CQA evaluation under-
pins a science-based control strategy, enhancing
process robustness and scalability.36

3.5. Risk assessment

Risk assessment is a cornerstone of the QbD
framework, providing a structured, science-based
approach to identify, evaluate, and mitigate factors
that may impact product quality.®1! In this study, a
dual strategy combining qualitative Ishikawa (fish-
bone) analysis and semi-quantitative Failure Mode,
Effects, and Criticality Analysis (FMECA) was
applied to both IR and PR MHCI granules. This
integrated approach enabled the systematic identi-
fication of critical risks and guided the develop-
ment of robust control strategies.

3.5.1. Ishikawa analysis

Separate Ishikawa (fishbone) diagrams were
developed for IR and PR MHCI granules to reflect
the distinct formulation goals of each. For the IR
granules, material-related risks included API hy-
groscopicity, binder variability, and disintegrant
performance, while method-related risks involved
binder solution preparation, granulation endpoint,
and drying uniformity (Fig. S1, Supplementary
Material). Equipment-, operator-, and environmen-
tal-related factors (oven temperature, kneading,
sieving, humidity, and contamination) were also
considered. For the PR granules, additional risks
arose from fluid-bed coating. Material-related risks
included binder strength, polymer dispersion sta-
bility, and plasticizer/solvent compatibility (Fig.
S2, Supplementary Material). Process-related risks
covered granulation consistency, drying, and coat-
ing parameters (spray rate, atomization pressure,
inlet/outlet temperatures). Equipment-, operator-,
and environmental-related factors (nozzle clog-
ging, airflow, sensors, operator skill, humidity,
ventilation, and light exposure) were critical for
coating quality and polymer stability.

3.5.2. Failure mode, effects and criticality analysis

Failure Mode, Effects, and Criticality Anal-
ysis (FMECA) quantitatively assessed risks by
scoring Severity (S), Occurrence (O), and Detecta-
bility (D) on a 1-5 scale, with Risk Priority Num-
ber (RPN =S x O x D) ranging up to 125 (Fig. S3,
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Supplementary Material).11:37 Higher RPNs indi-
cated risks requiring mitigation.

For IR MHCI granules, the highest risks
were binder performance (RPN = 24), API hygro-
scopicity, disintegrant performance, and operator
variability (RPN up to 18), all of which affect dis-
integration and dissolution. These findings high-
lighted the need for robust standard operating pro-
cedures (SOPs), monitoring, and training.

In PR MHCI granules, fluid-bed coating was
the most critical step (RPN = 30), being sensitive
to nozzle performance, spray rate, airflow, and
temperature. APl hygroscopicity (RPN = 24) could
increase moisture content, cause caking, reduce
flow, and affect dissolution. Binder performance
was also critical for granule cohesion, mechanical
strength, and the sustained-release integrity (RPN
= 24). These findings are consistent with literature
reports indicating that for highly soluble substanc-
es, the binder solution has a dominant influence on
granule growth Kkinetics compared to other process
factors.38

High-risk steps were controlled via process
monitoring, humidity management, protective
packaging, and in-process testing (loss on drying,
dissolution, and flow). FMECA identified binder
preparation and hydration, granulation, drying, and
coating as the most sensitive aspects, requiring
continuous control to ensure consistent quality and
QTPP compliance for both IR and PR MHCI gran-
ules (Table S5, Supplementary Material).

3.6. Preparation of granules

Manual wet granulation was employed as a
small-scale, controlled laboratory method, allow-
ing precise adjustment of the wet massing end-
point, which is critical for achieving reproducible
granule properties, particularly for formulations
intended for coating. For highly soluble drugs such
as MHCI, this approach is particularly important,
as it enables identification of the narrow "solubility
window," where slight variations in liquid addition
can significantly affect granule formation.

Following the risk assessment, three proto-
type IR and PR MHCI formulations, each with a
different binder, were prepared and evaluated for
key CQAs: moisture content, flow, PS and PSD,
assay, and dissolution, all consistent with the QbD
approach. The IR granules targeted rapid disinte-
gration and > 80% release within 45 min, while
PR granules aimed for 24 h sustained release.
FTIR and Raman spectroscopy confirmed the ab-
sence of API-excipient interactions. This stage
verified high-risk variables, especially binder type,

and provided data to optimize granule robustness,
flow, and release profiles in line with the QTPP.

3.7. Characterization of granules
3.7.1. Spectroscopic analysis (FTIR and Raman)

The Fourier transform infrared (FTIR) spec-
trum of MHCI (Fig. 1a) showed a broad N-H
stretching band at approximately 3365 cm-! and
3145 cm1, a strong C=N stretch at 1622 cm1, an
N-H bending/C-N stretch at 1559 cm-1, and CHs
deformation bands at 1473-1445 cml. C-N
stretching bands appeared at 1289 cm-1, 1270 cm,
and 1207 cm-l, with additional aliphatic C-N
bands at 1059 ¢cm! and 1037 cm-1, and N-C-N
skeletal vibration bands at 935 cm-1.3°

The FTIR spectrum of a-lactose monohy-
drate (Fig. 1b) displayed a broad O—H stretching at
3400-3200 cm1, an aliphatic C—H at approximate-
ly 2989 cm-1, CH2 scissoring and C—H bending at
1421 cm1 and 1380 cm1, and strong C-O-C/C-O
stretching bands at 1140 cm-1, 1083 cm, 1057
cm-1, and 1041-1018 cm-1. Bands at 914 cm1, 751
cm-1 and 674 cm-1 corresponded to ring and skele-
tal vibrations.40

The FTIR spectra of IR MHCI granules (Fig.
1c—e) showed the characteristic features of both
MHCI and a-lactose monohydrate, with no new
bands or significant shifts, indicating a physical
mixture without chemical interaction or degrada-
tion. Minor O-H/N-H band broadening was ob-
served, likely arising from hydrogen bonding dur-
ing wet granulation.

The FTIR spectra of Eudragit® RL100 and
Eudragit® RS100 (Fig. 1f-g) exhibited a promi-
nent ester carbonyl (C=0) stretching band at ap-
proximately 1721 ecm1, aliphatic C-H stretching
bands at 2950-2850 cmt, CH2/CHs deformation
bands at approximately 1441 cm1, and C-O/C-O-
C stretching bands at 1234 cm-1, 1189 cm-1, and
1100-1050 cm™L. A band at approximately 751 cm-
1 was observed to correspond to skeletal/C-C-O
deformation vibrations.

In the coated PR MHCI granules (Fig. 1h—j),
the polymer's characteristic bands dominated, es-
pecially the carbonyl (C=0) and C-O-C stretching
bands, which overlapped the MHCI signals. No
new bands or significant shifts were observed, in-
dicating an absence of chemical interaction. The
ATR-FTIR profile confirmed a continuous Eu-
dragit® coating that was consistent with an intact
polymer layer capable of controlling MHCI re-
lease.
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Fig. 1. FTIR spectra of: (a) metformin hydrochloride, (b) a-lactose monohydrate, (c) F1 IR, (d) F2 IR, (e) F3 IR,
(f) Eudragit® RL100, (g) Eudragit® RS100, (h) F1 PR, (i) F2 PR, and (j) F3 PR
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Fig. 2. Raman spectra of: (a) metformin hydrochloride, (b) a-lactose monohydrate, (c) F1 IR, (d) F2 IR, (e) F3 IR, (f) Eudragit®
RL100, (g) Eudragit® RS100, (h) F1 PR, (i) F2 PR,and (j) F3 PR
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The Raman spectrum of MHCI (Fig. 2a)
showed key bands at 430 cm?! (C-N-C defor-
mation), 774 cm! (biguanide C-N-C stretching),
937 cm! (C-N skeletal vibration), 1423/1458 cmt
(CHs deformation), and 1651 cm™ (C=N stretch-
ing).4

o-Lactose monohydrate (Fig. 2b) exhibited
bands at 862-876 cm (C-H and ring modes),
1089 cm™ (C-O stretching), 1124-1136 cm™ (C-
O-C stretching), 1416/1448 cm™! (CH2/CH defor-
mation), and lattice modes at 382 and 478 cm1,
which confirmed the crystallinity.40

The Raman spectra of IR MHCI granules
(Fig. 2c—e) showed features of both MHCI and a-
lactose monohydrate, which were dominated by
the MHCI signals with no peak shifts, indicating an
absence of chemical changes or solid-state interac-
tions during wet granulation.

The Raman spectra of Eudragit® RL100 and
Eudragit® RS100 spectra (Fig. 2f—g) were marked
by the ester carbonyl (C=0) stretching band at ap-
proximately 1731 cm™1, CH2/CHs deformation
bands at 1454 cm1, and C-C-O/C-O-C stretching
bands at 811 and 1117-1171 cmL. These features
dominated the spectra of the coated PR MHCI
granules (F1-F3 PR, Fig. 2h—j), though the MHCI
774 cm! band remained detectable due to partial
laser penetration through the thin polymer layer.
This result contrasted with the data obtained from
ATR-FTIR spectroscopy, where the signal was
reflected from the sample surface only, with a
probing depth of 1-2 um.

Table 2

3.7.2. Particle size and particle size distribution

The binder type influenced the granule par-
ticle size across all formulations (Table 2; PSD
profiles are shown in Fig. 3 (IR and PR-U gran-
ules) and Fig. 4 (for the PR granules)). Laser dif-
fraction analysis of the IR granules (F1-F3 IR)
showed clear binder-dependent differences (Fig.
3a): the F1 IR (PVP) formulation formed the larg-
est, most cohesive granules; the F3 IR (pregelati-
nized starch 1500) formulation exhibited an inter-
mediate size; and F2 IR (gelatin) formulation pro-
duced the smallest granules, reflecting differences
in the binder properties.

The PVP-based IR granules (F1 IR) exhibit-
ed the largest median particle size and the narrow-
est PSD, reflecting strong wetting and cohesion
during granulation. PVP rapidly dissolves and
forms hydrogen bonds via its lactam carbonyl
groups, promoting solid bridge formation, which is
consistent with previous wet- or fluid-bed granula-
tion studies.#243 The gelatin granules (F2 IR) had a
smaller Dso and a broader PSD due to temperature-
dependent gelation and heterogeneous binder dis-
tribution, which produced variable internal densi-
ty.4* Pregelatinized starch 1500 (F3 IR) yielded
intermediate particle sizes with high surface
roughness and residual moisture, reflecting its
amorphous, water-absorbing structure, which in-
creases granule porosity and affects hydration and
dissolution.> The PR-U granules prepared without
a disintegrant (Fig. 3c) showed similar PSDs (1.4—
2.0 mm), indicating minimal disintegrant effect.

Particle size (PS), particle size distribution (PSD), and SPAN values for IR, PR-U, and PR granules (n = 3-5)

Formulation D10 D50 D90 SPAN Method
F1 IR (PVP) 608.8 £170.3 pm  995.2 £ 97.8 ym 1487.9 +30.8 um 0.878 £ 0.24 Laser diffraction

489.5 + 19.5um 774 £30.9 pm 1667.7 + 80 ym 152 +0.14 Optical microscopy + ImageJ
F2 IR (Gelatin) 239.2 £12.4 ym 631.8 £ 14.6 pm 1271.9 £10.7 pm 1.635 £0.041  Laser diffraction

479.5+£9.3 um 758.2 £ 14.6 ym 1752.3 £17.9 pm 1.68 +0.48 Optical microscopy + ImageJ
F3 IR 464.6 +196.4 ym  858.2 + 207 pm 1437.6 + 164.6 pm 1.266 +0.422  Laser diffraction
(Pregelatinized 4864 +11.4pym  8185+833um 18222 + 85.5um 1.63 £0.12 Optical microscopy + ImageJ
starch 1500)
F1 PR-U 632.4 + 9.4 ym 1043.8 +20.1 ym  1577.6 £ 40.7 pm 0.908 + 0.02 Laser diffraction

485 + 10.5 pm 766.9 £ 16.63 um  1533.7 £33.2 ym 1.37 £0.002 Optical microscopy + ImageJ
F2 PR-U 675.8+39.81 ym 10716 +21.1 pm  1596.6 + 8.5 um 0.859 + 0.06 Laser diffraction

488.2 £ 5.3 um 771.8 £8.4 pum 1770.3 £90.2 ym 1.66 + 0.0.09 Optical microscopy + ImageJ
F3 PR-U 634.6 + 4.2um 1041.7 £ 17pm 1591.8 + 17.2 pm 0.920 +£0.006  Laser diffraction

488.1 +4.92 pm 771.8 £7.73 ym 1725.7 + 17.56pm 1.6 + 0.003 Optical microscopy + ImageJ
F1PR 1.07 £0.14 mm 1.92 £ 0.03 mm 3.72+£0.4mm 1.380 + 0.2 Optical microscopy + ImageJ
F2 PR 1.26 + 0.07 mm 2.08 £ 0.12 mm 3.82 £ 0.17 mm 1.230 £ 0.07 Optical microscopy + ImageJ
F3 PR 1.20 + 0.06mm 2.01 +£0.12 mm 3.55 £ 0.15 mm 1170 £0.11 Optical microscopy + ImageJ
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Fig. 3. Particle size and particle size distribution of metformin hydrochloride granules. Laser diffraction analysis: (a) IR granules
and (b) PR-U granules (n = 3-5). Optical microscopy with ImageJ analysis: (c) IR and (d) PR-U granules. Data are presented as
mean = SD (n = 3-4). In cases where the SD bars are not visible, the data markers exceed the size of the error bars
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Comparison with optical microscopy (Im-
agel) (Table 2, Figs. 3b, 3d) showed method-
dependent differences in absolute values. ImageJ
generally yielded lower Dso values for F1 IR and
all PR-U formulations (= 20-30% lower), while F3
IR showed good agreement between methods. An
exception was observed for F2 IR (gelatin), where
ImageJ produced a higher Dso, consistent with its
broader distribution (similar SPAN values were
obtained using both methods), suggesting a more
heterogeneous particle population. In addition,
SPAN values were slightly higher for Image] (=
1.3-1.7) than for laser diffraction (= 0.86-1.64),
reflecting broader number-based distributions.
However, all values remained below 2, indicating
that, overall, the formulations exhibited predomi-
nantly unimodal particle size distributions, which
is generally considered acceptable in pharmaceuti-
cal systems. It should be noted that granule shapes
were not perfectly spherical (Figs. 5 and 6), which
limited direct comparison between number-based
ImageJ data and volume-based laser diffraction
measurements. Nevertheless, laser diffraction pro-
vided a rapid and reproducible assessment of parti-
cle size distributions for all formulations, capturing
the volume-weighted characteristics that were most
relevant for downstream processing and dosage
form performance. Despite method-dependent dif-
ferences, the overall size ranges and granulation
trends observed were consistent and reliable.

PR granules (F1-F3 PR) were larger and
were analyzed by optical microscopy with ImageJ.
The resulting PSD histograms are shown in Fig. 4,
and PS parameters are listed in Table 2. F2 PR ex-
hibited the narrowest, most uniform size distribu-
tion (lowest SPAN), while F1 PR showed the
broadest. All PR granules were substantially larger
than the IR granules, confirming successful coating
and prolonged-release granulation.

3.7.3. Granule morphology
Optical micrographs of the PR-U granules
revealed distinct morphologies (Fig. 5). F1 PR-U

granules exhibited irregular but moderately rough
surfaces, F2 PR-U granules displayed more pro-
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nounced surface irregularities and asymmetry, and
F3 PR-U granules were highly irregular with a het-
erogeneous texture, reflecting binder distribution
and granulation variability. These differences
could have affected flow, compressibility, and drug
release. The Eudragit® RS/RL coating (Fig. 6)
produced irregular, near-spherical granules (2.4—
2.8 mm) with compact, nodular surfaces, continu-
ous and adherent films, and no visible cracks or
core exposure, indicating good mechanical integri-
ty. Surface roughness parameters (Ra, Rg, and
mean gray value) are summarized in Table 3.

The binder type had a pronounced effect on
the surface morphology of the uncoated granules.
Among F1-F3 PR-U, starch-based F3 PR-U
showed the highest roughness (Rq 29.81), followed
by gelatin-based F2 PR-U, while PVP F1 PR-U
displayed the smoothest surfaces (Ra 15.91, Rq
21.72), indicating a more uniform texture. Eu-
dragit® coating (F1-F3 PR) reduced roughness
across all formulations, most notably in gelatin F2
PR (Ra decreased by approximately 25%). PVP F1
PR remained the smoothest (Ra 14.47, Rq 19.59),
whereas the coated starch F3 PR retained the high-
est roughness, suggesting that the polymer film
only partially masked the irregular underlying
structure.

These results clearly demonstrated that the
binder type governed granule microstructure
through its influence on liquid bridge formation,
solid bridge consolidation, and post-drying hydra-
tion. Even at a constant binder concentration (2.5%
w/w) and under identical wet-granulation condi-
tions, PVP, gelatin, and pregelatinized starch 1500
produced granules with distinct particle size distri-
butions, surface roughness, moisture retention, and
dissolution behavior. These findings are consistent
with the principle that, in high-drug-load systems,
the binder is the primary excipient controlling
granule integrity and internal porosity.*346 Overall,
PVP produced the smoothest granules both before
and after coating, gelatin exhibited intermediate
properties, and starch led to the roughest surfaces,
with Eudragit® coating improving smoothness
most effectively for the gelatin granules.



144 M. Todeska et al.

35006 b

Fig. 5. Optical micrographs of metformin hydrochloride PR-U granules: (a) F1 PR-U, (b) F2 PR-U, and (c) F3 PR-U
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Fig. 6. Optical micrographs of metformin
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Table 3

Effect of binder type and Eudragit® coating on surface roughness parameters of granules,
as determined by ImageJ analysis

Ra R
Mean gray value (Arithmetic average (Root mez?n square
height deviation) roughness)
F1 PR-U 1.24 15.91 21.72
F2 PR-U 2.25 20.80 29.32
F3 PR-U 6.05 19.72 29.81
F1 PR 2.01 14.47 19.59
F2 PR 4.65 15.69 22.93
F3 PR 1.36 16.69 24.21

3.7.4. Moisture content (loss on drying)

F1 IR (PVP) and F2 IR (gelatin) exhibited
low residual moisture (1.63+0.04 % and
1.66 +0.06 %, respectively), which was below the
2.0% wi/w. This finding is consistent with literature
reports for metformin hydrochloride formulations,
where granules are typically dried to approximate-
ly 2-3 % w/w prior to compression to ensure ade-
quate flowability and suitability for further pro-
cessing.#” In contrast, F3 IR (pregelatinized starch
1500) retained higher moisture (2.68 +0.10 %) due
to the hygroscopicity of the starch. The higher
moisture content in the starch granules likely pro-
moted faster water ingress during dissolution and
reduced resistance to early drug release, whereas
the PVP and gelatin granules maintained more sta-
ble structures. One-way ANOVA confirmed signif-
icant differences among formulations (p < 0.05),
and the Tukey post hoc test demonstrated signifi-
cant differences between F3 IR versus F1 IR and
F3 IR versus F2 IR. These results highlight binder
type and moisture content as high-impact CMAs
for hygroscopic, highly soluble MHCI formula-
tions.48

3.7.5. Flow properties

The bulk and tapped densities, along with
flowability parameters, are summarized in Table 4.
Among the IR granules, F2 IR (gelatin) exhibited
slightly better flow properties than F1 IR (PVP)
and F3 IR (Pregelatinized starch 1500), as reflected
by its lower compressibility (Carr’s index) and
Hausner ratio. Statistical analysis (Welch's ANO-
VA with Games—Howell post hoc test) indicated
that the differences between the IR granules were
significant for F2 IR versus F3 IR for both the
Carr's index and the Hausner ratio (p < 0.05). The
PR-U granules, which were prepared without dis-
integrants or coatings, exhibited moderately higher

cohesiveness compared to the IR granules but
maintained acceptable flow characteristics overall.
For PR-U granules (Welch's ANOVA with
Games—Howell post hoc test), significant differ-
ences were observed between F1 PR-U versus F2
PR-U and F2 PR-U versus F3 PR-U for both the
Carr's index and the Hausner ratio (p <0.05).

The PR granules coated with Eudragit®
RS/RL displayed the highest bulk and tapped den-
sities and improved flowability, with very low
Carr's indices and Hausner ratios near unity. These
improvements were confirmed statistically, show-
ing that the PR granules had significantly better
flow than their IR and PR-U counterparts for both
the Carr index and the Hausner ratio (Welch's
ANOVA with Games—Howell post hoc test, p <
0.05), except for F2 IR versus F2 PR in the Haus-
ner ratio; this exception was likely due to similar
bulk-to-tapped density ratios despite differences in
compressibility. This enhancement in flow was
likely due to the successful application of the coat-
ing layer, which increased granule mass and
smoothed particle surfaces, thereby reducing in-
terparticle friction and promoting better packing.
These results confirmed that the coating process pro-
duced mechanically robust granules. The slightly
poorer flowability observed in F2 PR (gelatin-coated
granules), despite acceptable Carr's index (3 %) and
Hausner ratio (1.03), could be explained by the
morphological characteristics imparted by the gela-
tin coating. Gelatin tends to form a smoother,
somewhat tacky surface layer that increases in-
terparticle adhesion, especially under conditions of
residual moisture. This layer can reduce the ease of
particle rearrangement during tapping, thereby man-
ifesting as marginally impaired flow compared to
uncoated or starch-based systems. In contrast, F3
PR (pregelatinized starch 1500) showed higher
moisture content but still demonstrated excellent
flowability (Carr index 2 %, Hausner ratio 1.02).
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Statistical analysis indicated that, for PR granules,
a significant difference was observed only for the
Carr's index between F2 PR and F3 PR (Welch's
ANOVA with Games—Howell post hoc test, p <
0.05). This difference was attributable to the mor-
phology and particle size distribution of the prege-
latinized starch, which typically yields larger, more
irregular particles with porous surfaces. Such mor-
phology reduces cohesive forces and enhances in-

Table 4

terlocking, allowing good packing and flow even
in the presence of absorbed moisture. Thus, the
differences in flow properties between F2 PR and
F3 PR can be rationalized by surface morphology
and particle size effects: the gelatin coating pro-
motes smoother, more cohesive granules, while
pregelatinized starch contributes to bulkier, less
cohesive particles that maintain good flow despite
hygroscopicity.4®

Bulk and tapped density, Carr's index, and Hausner ratio of IR, PR-U, and coated PR granules

Formulation ~ Bulk density (g/ml)  Tapped density (g/ml)  Carrindex (%) Hausner ratio
F1IR 0.516 + 0.018 0.580 + 0.023 11 +2.58 1.13 £ 0.031
F2 IR 0.488 + 0.02 0.525 + 0.025 7+1.15 1.08 +0.017
F3 IR 0.596 + 0.005 0.677 + 0.005 12 +0.5 1.13£0.01

F1 PR-U 0.511 + 0.008 0.603 + 0.009 15+1 1.18 + 0.006
F2 PR-U 0.559 + 0.006 0.621 + 0.007 10 £ 0.577 1.11 + 0.006
F3 PR-U 0.506 + 0.005 0.584 + 0.005 13 +0.577 1.15 + 0.006
F1 PR 0.710 + 0.004 0.723 + 0.004 2+0.577 1.02 + 0.006
F2 PR 0.674 + 0.005 0.697 + 0.003 30 1.03 + 0.006
F3 PR 0.646 + 0.004 0.659 + 0.003 20 1.02 + 0.006

3.7.6. Drug content

The MHCI content in the IR granules was as
follows: F1 IR (PVP), 509.0 + 25.2 mg/g; F2 IR
(gelatin), 523.8 +24.5 mg/g; and F3 IR (Pregelati-
nized starch 1500), 525.8 £ 20.1 mg/g. Similarly,
the MHCI content in the uncoated PR granules
(PR-U) was as follows: F1 PR-U, 523.2 £ 0.9
mg/g; F2 PR-U, 502.3 + 4.0 mg/g; and F3 PR-U,
510.4+ 3.7 mg/g, demonstrating consistent drug
incorporation across binder types. Statistical analy-
sis (Welch's ANOVA and Games—Howell post hoc
test) confirmed that no significant differences were
observed among the F1-F3 IR and PR-U granules
(p > 0.05). The coated PR granules exhibited
MHCI contents of 362.3 + 2.8 mg/g for F1 PR,
334.8 + 3.6 mg/g for F2 PR, and 379.1 = 1.7 mg/g
for F3 PR. In contrast, the PR formulations showed
statistically significant differences (p < 0.05), both
relative to the IR and PR-U granules and among
themselves, primarily due to the effect of the coat-
ing polymer and slight variations in granule densi-
ty, binder distribution, or matrix properties, rather
than the manufacturing process.

3.7.7. Drug release

The dissolution profiles of the IR and PR-U
granules (Fig. 7a) showed clear differences driven
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by the presence of a disintegrant. All IR formula-
tions released > 90 % of the MHCI within 5 min,
confirming immediate-release performance due to
the action of the super-disintegrant. In contrast, the
PR-U granules, which lacked a disintegrant, re-
leased 44-50 % of the drug at 5 min, with release
increasing gradually to 60-66 % at 45 min; this
indicated that dissolution was controlled by binder
hydration and gradual erosion.

The coated PR granules (F1-F3 PR, 750 mg)
exhibited prolonged-release behavior (Fig. 7b) and
were benchmarked against USP XR metformin
tablet criteria.>® Although defined for finished tab-
lets, these USP criteria were used as reference
standards to evaluate whether the developed gran-
ules mimicked the release of marketed XR prod-
ucts. The USP monograph provides multiple alter-
native test scenarios, reflecting formulation diver-
sity rather than cumulative compliance. Of the 20
tests, 11 specify 500-mg tablets, one test (Test 11)
specifies a 750-mg tablet, and the remaining tests
do not define tablet strength. F1 PR released too
quickly at intermediate time points, while F3 PR
showed a burst release (> 55 % at 1 h), failing all
tests. F2 PR most closely matched the USP XR
profiles, fully complying with several tests (Tests
4, 12, 13, 16, and 17) and only marginally exceed-
ing upper limits (< 1.9 %) at isolated intermediate
points (Tests 1, 2, 3, 5, 7, 8, 9, and 20). Terminal
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dissolution targets (not less than (NLT) 80-85 % at
10-24 h) were consistently met, with low variabil-
ity (SD 1.43-2.78; RSD < 6 %). Overall, F2 PR
provided the most reproducible, extended-release
profile, whereas F1 PR and F3 PR failed to control
the release. Since dissolution was performed on
750-mg granules rather than tablets, the USP tests
were used as qualitative benchmarks. Under this
framework, F2 PR was determined to be a suitable
extended-release granule system at 750 mg.

All IR formulations released > 90 % of
MHCI within 5 min, demonstrating that rapid dis-
integration dominated the release, which left little
opportunity for binder-related microstructural dif-
ferences to influence dissolution.3® In contrast, the
coated PR granules were constrained by the insol-
uble yet permeable Eudragit® RS/RL film, making
release dependent on water ingress, core hydration,
and diffusion across the coating.5! Binder type di-
rectly modulates core swelling and effective coat

permeability.
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Fig. 7. Dissolution profiles of metformin hydrochloride: (a) IR and PR-U granules, and (b) PR granules. Data are presented
asmeans + SD (n = 3). In cases where the SD bars are not visible, the data markers exceed the size of the error bars
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The gelatin-based F2 PR granules uniquely
met all acceptance windows, as gelatin forms a vis-
cous gel network that delays aqueous channel for-
mation, sustaining resistance during the early and
intermediate phases while allowing for near-complete
release during the late phase.** The PVP-based F1 PR
formulation controlled early release but exceeded
intermediate limits due to progressive PVP dissolu-
tion, which increased internal porosity and diffu-
sion.42 The pregelatinized starch 1500-based F3 PR
granules showed the fastest burst release; rapid hy-
dration, swelling, and wicking increased capillary
penetration and potentially stressed the coating, creat-
ing microdefects.4548

Overall, the binder type was identified as a
critical material attribute (CMA) for the PR granules,
as it governs microstructure, moisture behavior, and
core—coat interactions. The main quality risk was
determined to be excessive early or intermediate re-
lease rather than incomplete late release; this high-
lights the need for QbD-based optimization targeting
hydration kinetics and porosity evolution, rather than
focusing solely on the final dissolution extent.

4. CONCLUSION

Binder type strongly influenced the physico-
chemical properties and release behavior of high-
dose metformin hydrochloride (MHCI) granules.
All IR formulations achieved rapid release via dis-
integration; however, pronounced binder-
dependent differences appeared in the PR systems
constrained by a permeable polymer coating. Gela-
tin provided balanced performance, forming cohe-
sive granules with controlled hydration and in-
creased diffusion tortuosity, which sustained early
and intermediate resistance while allowing com-
plete late-stage release. In contrast, PVP and pre-
gelatinized starch 1500 promoted faster pore for-
mation and water uptake, thereby reducing early-
release control.

These findings confirm that binder selection
is a high-impact critical material attribute (CMA)
for PR granules. Integrating binder-specific hydra-
tion and microstructural effects into Quality by
Design (QbD) risk assessment and design space is
essential for achieving robust, reproducible pro-
longed-release performance in high-dose, highly
soluble systems.
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