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Abstract: Controlled-release matrix tablets remain the dominant oral platform for antihypertensive drug
delivery, favored for manufacturing simplicity and scalability over reservoir, osmotic, and multiparticulate
alternatives. Formulation development, however, has largely proceeded one variable at a time, leaving the
field without a cross-class understanding of how polymer, process, and drug-specific variables interact. This
review argues that antihypertensive matrix tablet performance is governed by the interaction of critical
material attributes (CMASs) and critical process parameters (CPPs) rather than any single variable, and
develops a Quality by Design (QbD) framework CMAs, CPPs, and critical quality attributes (CQAS) assessed
jointly as a more rational formulation basis. Evidence spanning calcium channel blockers, beta-blockers, an
ACE inhibitor, and an ARB shows drug class does not reliably predict formulation strategy: solubility, not
pharmacological category, governs polymer selection, while chemical stability (captopril) or manufacturing
route (carvedilol) can dominate over release-rate concerns. A single polymer such as HPMC shifts its
dominant release mechanism depending on the drug and co-excipients involved, and ethanol co-ingestion can
suppress rather than dump a formulation’s release (hydrochlorothiazide), underscoring that robustness requires
verification beyond standard dissolution testing. Flattening drug exposure and timing it to the morning blood
pressure surge emerge as distinct, sometimes competing, clinical objectives. These findings support treating
antihypertensive matrix tablet design as a systems-level, interaction-aware problem, offering formulation
scientists a structured framework to anticipate rather than discover such interactions after the fact.

Index Terms - Controlled-release matrix tablets; antihypertensive drugs; Quality by Design; critical material
attributes; polymer-drug interactions

I. INTRODUCTION

Hypertension affects roughly one in three adults worldwide, and the WHO's first global report on the
condition found that only about one in five affected adults have their blood pressure adequately controlled,
despite treatment being widely available and inexpensive [1]. This gap is partly pharmacokinetic:
conventional immediate-release antihypertensives produce sharp peak-to-trough plasma fluctuations, and a
low trough-to-peak ratio is associated with poorer 24-hour blood pressure control [2]. Extended-release
nifedipine, for example, shows roughly a four-fold lower fluctuation index than its immediate-release
counterpart at steady state [3]. Even a fully adherent patient can therefore spend part of each day under-treated
and part over-treated, a problem dosing compliance alone cannot fix.
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Controlled-release matrix tablets address this by embedding drug within a rate-controlling polymer
network, governing release through diffusion, swelling, or erosion rather than dosing frequency. Among oral
controlled-release architectures, matrix systems dominate the antihypertensive literature because they use
conventional tableting equipment, scale predictably, and avoid the coating or orifice-drilling complexity of
reservoir or osmotic systems [4].

Yet formulation development in this space has proceeded largely one variable at a time polymer type,
viscosity, drug-to-polymer ratio, and manufacturing method each optimized against a single drug in isolation,
with little cross-class understanding of how these variables interact. A recent review of matrix tablet
optimization notes explicitly that conventional one-factor-at-a-time approaches cannot capture such
interaction effects [5]. This is the problem this review addresses: not whether individual variables matter, but
whether treating them independently, drug by drug, has left the field without a working cross-class
formulation logic. This review argues it has, and proposes reading the literature through a Quality by Design
(QbD) lens critical material attributes, critical process parameters, and critical quality attributes considered
jointly as a more rational basis for antihypertensive matrix tablet development, evaluated here across calcium
channel blockers, beta-blockers, an ACE inhibitor, and an ARB, with particular attention to where formulation
variables interact rather than act independently.

1. MECHANISMS OF DRUG RELEASE

Drug release from a matrix tablet follows Fickian diffusion logic: drug moves from a region of high
concentration inside the matrix toward the lower concentration of the surrounding dissolution medium. In
hydrophilic matrices such as HPMC, the dissolution medium penetrates the tablet, hydrates the polymer, and
forms a gel layer at the periphery; release is then governed by the dynamic competition between drug diffusion
through this gel layer, polymer chain relaxation, and gradual erosion of the gel's outer boundary [6],[7].[8].
In inert or insoluble matrices (e.g., ethyl cellulose, PVC), the polymer skeleton never dissolves; drug instead
diffuses through pores left behind as surface drug particles dissolve and leach out. This behavior is commonly
described by the Higuchi model, discussed further below.

Osmotic effects contribute only as a minor, supporting mechanism. In diltiazem hydrochloride HPMC
matrices, increasing the proportion of a water-soluble filler (lactose) enhanced osmotic-driven water uptake,
producing greater swelling, micro-cavity formation, and faster erosion than matrices built with insoluble
fillers such as microcrystalline cellulose or dicalcium phosphate at equivalent concentration [9]. This should
be distinguished from true osmotic pump systems, where a semipermeable membrane and drilled orifice make
osmotic pressure the primary, engineered release driver rather than an incidental contributor a distinction
returned to later when matrix tablets are compared against alternative platforms.

I1l. CRITICAL FORMULATION VARIABLES (QbD FRAMING)

3.1 Polymer Attributes (CMA)

Quality by Design, as codified in ICH Q8(R2), organizes formulation understanding into critical material
attributes (CMAs, e.g., polymer chemistry, viscosity, particle size), critical process parameters (CPPs, e.g.,
compression force, manufacturing method), and critical quality attributes (CQAS, e.g., release rate, hardness,
stability) that CMAs and CPPs jointly determine [10],[11]. This review adopts that structure because
formulation variables rarely act independently on a single CQA.

Polymer chemistry has the broadest single influence on release. Hydrophilic polymers such as HPMC swell
into the gel layer described above; hydrophobic polymers such as ethyl cellulose rely on an insoluble, pore-
forming matrix; and pH-responsive polymers such as Carbopol carry ionizable groups whose gel viscosity
changes with local pH [12]. A controlled comparison of guar gum, xanthan gum, and HPMC in propranolol
matrices found HPMC alone produced near zero-order, erosion-dominant release, xanthan alone produced
diffusion-dominant release, and guar alone could not adequately control release until combined at a much
higher drug-to-polymer ratio demonstrating that polymer chemistry changes not just release rate but which
mechanism dominates [13]. Viscosity grade functions as an independent tuning variable layered on top of
chemistry: HPMC K4M, K15M, and K100M produced measurably different tablet porosity and release from
otherwise identical formulations [14]. Polymer-to-drug ratio interacts directly with dose: high-dose calcium
channel blockers such as diltiazem hydrochloride typically require co-retardants (poloxamer, stearyl alcohol)
layered onto HPMC to achieve adequate retardation without an oversized tablet [15], whereas low-dose, long-
half-life drugs such as amlodipine may need no release-retarding polymer at all [16]. A polymer ratio that
works for a low-dose ARB will not transfer directly to a high-dose beta-blocker without re-optimization.
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3.2 Drug Physicochemical Attributes (CMA)

A drug's own solubility and dose are as much a CMA as anything the formulator adds. The
Biopharmaceutics Classification System sorts drugs by solubility and permeability [17], and this distinction
determines which release mechanism operates: a highly soluble drug is diffusion- or erosion-limited, while a
poorly soluble drug can be dissolution-rate-limited instead. This resolves a genuine inconsistency in the
antihypertensive literature: several papers describe nifedipine as highly water-soluble, when it is in fact a
poorly soluble BCS Class Il compound requiring solubility-enhancing strategies before a conventional matrix
can perform predictably [18]. Particle size and solid-state form compound this. Reducing felodipine particle
size modestly improved dissolution, though less than adding a solubilizing surfactant, indicating particle size
reduction alone is rarely sufficient for a poorly soluble drug [19]. Solid-state form adds a competing
consideration: amorphous nifedipine degrades under light roughly 1.8 times faster than its crystalline form,
meaning a strategy chosen to improve solubility (partial amorphization) can simultaneously undermine
photostability [20]. These attributes must be evaluated together solubility, dose, particle size, and solid-state
form jointly determine formulation feasibility, not sequentially, and treating any one in isolation risks solving
the wrong formulation problem, exactly as the nifedipine solubility mislabeling illustrates.

3.3 Excipients and Release Modifiers (CMA)

Fillers and release modifiers serve distinct functional roles. Soluble fillers (lactose, mannitol) dissolve after
hydration, easing water penetration; insoluble fillers (microcrystalline cellulose, dicalcium phosphate)
reinforce matrix integrity. In carvedilol HPMC matrices, soluble fillers generally produced faster release than
insoluble ones, though not universally some insoluble fillers have caused premature matrix failure in certain
formulations, meaning filler behavior interacts with the specific polymer-drug system rather than acting as a
fixed property [21]. Release modifiers are added with different intent to correct rather than merely bulk a
formulation. In verapamil hydrochloride, solid dispersions in Kollidon SR extended release to roughly 8
hours, while the same drug-to-polymer ratio using Eudragit RLPO instead extended release to 12 hours,
showing the choice of co-retardant, not just its presence, determines achievable duration [22].

3.4 Process Variables (CPP)

Compression force and manufacturing method interact directly with the CMAs above. Increasing
compression force generally reduces porosity and slows release, but this is not linear across its full range:
tablets compressed at the lowest tested pressure in one plant-extract matrix system produced more intensive
burst release than tablets compressed at higher pressure, because the loose matrix structure allowed water to
penetrate before a cohesive gel layer had time to form [23].

Manufacturing method shows an even larger effect: in carvedilol HPMC matrices, granulation method
influenced release more than the polymer grade itself, with direct compression producing the fastest release,
followed by dry and then wet granulation, driven by differences in granule density and resulting tablet porosity
[24]. Because both act through the same structural pathway tablet porosity neither can be optimized
independently of the other or of the polymer system already selected.

3.5 Physiological Interactions

Every CMA and CPP above is characterized under fixed in vitro conditions; the gastrointestinal tract offers
no such guarantees. Formulations below a threshold polymer concentration show measurably greater fasted-
versus-fed pharmacokinetic variability than formulations above it, even when in vitro dissolution looks
identical [25]. A felodipine magnetic marker monitoring study found consistent, linear in vitro dissolution
still produced variable plasma concentrations in vivo, traced to where and when the tablet emptied from the
stomach [26]. Ethanol co-ingestion illustrates the same disconnect most sharply: for hydrochlorothiazide in a
Carbopol matrix, release actually decreased rather than dumped across most ethanol concentrations tested,
because the polymer's own ethanol-driven swelling behavior dominated over the drug's increased solubility
[27]. In vitro optimization is not the same as physiological robustness, and the two must be verified separately.
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IV. CROSS-CLASS COMPARATIVE SYNTHESIS

Table 1. Cross-Class Comparison of Formulation Strategies in Antihypertensive Controlled-Release
Matrix Tablets

Key Key Preferred Sl Key
Drug . . . Release .
Physicochemi | Formulation | Polymer . Formulation
(Class) . Mechanis .
cal Properties | Challenge System m Insight
Dissolution- Solubility
Nifedipi BCS I, poor | rate-limited,; HPMC + Dissolutio | must be
ne (CCBp) (~20 pg/mL); | polymorph/ph | solubility n-rate- corrected
short (~2 h) otostability enhancer limited before matrix
sensitive design
High dose + .
i . .| High-dose,
- BCS I, high; | SNorthaltlife oy | ErOSIon/dl | oy colubility
Diltiaze needs strong ffusion +
short, . poloxamer- . drugs need co-
m HCI . il retardation minor
(CCB) historically 3— without 188 + stearyl osmotic retardants
4x/day . alcohol o layered onto
oversized contribution base polvmer
tablet poly
Needs twice- : ) Which
. . Kollidon Diffusion | retardant
Verapam | High daily control )
. O f SR or through polymer is
il HCI solubility; from a single . = |
(CCB) short O ret Eudragit plastic/insol | chosen sets the
POty RLPO uble matrix | achievable
system .
duration
: Same drug,
Probrano Needs robust egiilzlrf different
P BCS |, high; | once-daily HPMC or . .| polymer
lol HCI dominant; :
short (~4 h), control from guar/xanthan : chemistry,
(beta- Tt xanthan: )
high first-pass | soluble, short- | gum ., different
blocker) . diffusion- .
half-life drug domi dominant
ominant i
mechanism
Identical
Release formulation,
Carvedil BCS 11, poor; | highly Manufactu | different
ol (beta- short— sensitive to HPMC ring- manufacturing
blocker) moderate (~6— | manufacturing | K4M method- route,
10 h) route, not just dependent | substantially
formula different
release
Polymer-
Hvdroch BCS IV, poor | Potential solvent
ydroct solubility + ethanol- Erosion, interaction can
lorothiazi A Carbopol .
de permeability; mduce_d _ 711G ethanol/_pH- override
(thiazide) moderate alteration in responsive | expected drug-
(~10-12 h) release profile solubility
outcome
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Key Key Preferred SIS Key
Drug . . . Release .
Physicochemi | Formulation | Polymer . Formulation
(Class) . Mechanis .
cal Properties | Challenge System m Insight
High Some CQAs
.| solubility, pH- .Che”.“'.ca' HPMC + Swelling/d (Stab.'“ty)
Captopri . instability, not ep require tools
unstable (thiol .| ethylcellulos | iffusion, .
I (ACE AN release rate, is entirely
LN oxidation); . e+ QbD/DoE- .
inhibitor) primary CQA I - outside the
very short ik antioxidant | optimized I
(~1.7-2 h) ris release-rate
' toolkit
Hydrophilic
polymer alone
BCS 11, high HPMC Diffusion | may be
Losartan | solubility/low HPMC alone K15M/K100 | (hydrophili | insufficient;

. ... .. | could not . . ;
potassium | permeability; adequatel M + c) + erosion | blending with
(ARB) short (~1.5-2 con?rol re?/ease Eudragit (hydrophob | a hydrophobic

h) RS100 ic), blended | polymer
improves
control

Across calcium channel blockers, beta-blockers, an ACE inhibitor, and an ARB, three patterns emerge that

support this review's central argument.

First, drug class does not reliably predict formulation strategy solubility does. Calcium channel blockers
alone span the full solubility range: nifedipine is poorly soluble and dissolution-limited, while diltiazem and
verapamil are freely soluble and diffusion-governed from the outset, each requiring a functionally distinct
strategy despite sharing a class. Captopril sharpens this further: despite the shortest half-life compared here,
its dominant formulation problem is not release rate but pH-dependent chemical degradation via its reactive
thiol group, requiring an antioxidant alongside release-retarding polymers [28].

Second, CMA and CPP effects are context-dependent rather than fixed. HPMC alone is insufficient to
control losartan release, requiring a hydrophobic co-polymer (Eudragit RS100) even though HPMC performs
adequately alone for several other drugs compared here [29]. Manufacturing method, similarly, shifted
carvedilol's release substantially despite an unchanged HPMC-based formulation, and the same
propranolol/HPMC-versus-xanthan comparison discussed under polymer attributes shows a single polymer
chemistry choice can move a formulation between erosion-dominant and diffusion-dominant behavior
entirely, not merely change its rate.

Third, robustness requires verification beyond nominal-condition dissolution testing. The
hydrochlorothiazide ethanol finding is the clearest illustration: a Carbopol matrix chosen appropriately for
HCTZ's target profile behaved counterintuitively under a real-world condition precisely because of the same
polymer chemistry that made it a reasonable choice in the first place. Captopril's stability-driven formulation
strategy makes a related point from a different angle a formulation can satisfy every release-rate CQA and
still fail on a CQA the release-kinetics toolkit was never built to address. Taken together, no single CMA or
CPP in Table 1 produces a consistent effect independent of the drug it is applied to, which is why a QbD
framework treating these interactions as the object of design rather than complications discovered afterward
earns its place in this review.
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V. FORMULATION DESIGN VS. THE CHRONOTHERAPEUTIC PROBLEM

The morning blood pressure surge is a genuine clinical concern: cardiovascular events cluster in early
morning hours, and an exaggerated surge is associated with increased cardiovascular mortality risk
independent of average blood pressure [30]. A flattened, continuously eroding matrix tablet delivers its lowest
concentration furthest from dosing for a morning dose, this places the trough close to the following morning's
surge rather than covering it, meaning flattening exposure and timing exposure to this circadian window are
distinct, sometimes competing, design goals.

Pulsatile and coat-core systems address timing directly through a deliberate lag phase followed by rapid
release. In lisinopril, a press-coated tablet using carrageenan, xanthan gum, or HPMC as the barrier layer
achieved lag times in the 3-hour range depending on the barrier polymer chosen, explicitly designed to deliver
the drug at the right time in the early morning [31]. This barrier-polymer choice functions exactly as polymer
type functions elsewhere in this review a variable set deliberately to hit a target, not a fixed property of the
pulsatile approach. A flattened matrix tablet remains the more appropriate choice for most patients without a
demonstrated morning surge, since added manufacturing complexity is unwarranted where a conventional
trough already sits well above the minimum effective concentration; timed-release strategies earn their added
complexity specifically where ambulatory blood pressure monitoring shows a clinically significant surge
combined with a drug whose half-life leaves a conventional matrix's trough falling within that window.

VI. KINETIC MODELING AND CHARACTERIZATION

Release kinetics are typically fit to five models: zero-order (constant rate, the target flattened-exposure
profile), first-order (rate proportional to remaining drug), Higuchi (diffusion-controlled, proportional to
time), Hixson-Crowell (erosion-governed, tracking shrinking tablet geometry), and Korsmeyer-Peppas,
whose fitted exponent (n) indicates which mechanism dominates: n < 0.45 for Fickian diffusion, 0.45-0.89
for combined diffusion/erosion, and n > 0.89 for erosion/relaxation-dominated transport (Table 2) [32],[33].
This is not an abstract classification: in captopril HPMC/ethylcellulose matrices, the size of water-filled gel
pores and degree of crosslinking related directly to the fitted n-value, meaning the exponent is traceable to the
same CMA-driven physical structure discussed throughout this review [34]. No single model applies
universally; the best-fit model for a given formulation is itself diagnostic of which interaction currently
governs its behavior.

Table 2. Kinetic Models and Characterization Techniques

Tool / Model What It Tells You
Zero-order Constant, rate-independent release
Higuchi Diffusion-controlled release

Mechanistic indication via exponent n (diffusion vs.
Korsmeyer-Peppas

erosion)
Hixson-Crowell Surface-area/erosion-driven release
FTIR/DSC/ XRD Drug-polymer compatibility, solid-state form
Dissolution testing In vitro release performance / CQA confirmation
PK/IVIVC In vivo relevance, biowaiver potential

Characterization confirms these mechanisms experimentally. FTIR, DSC, and XRD assess drug-polymer
compatibility and solid-state form; content uniformity and dissolution testing confirm CQAs are met; and in
vivo/pharmacokinetic evaluation remains the most informative but most often skipped step the felodipine
magnetic marker study discussed above showed consistent in vitro dissolution and variable in vivo plasma
concentration can coexist, meaning dissolution testing characterizes the formulation, not its behavior in a
specific patient.
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VIl. FAILURE MODES AND IVIVC

Robust formulation requires validation beyond standard laboratory conditions (Table 3). Dose dumping is
most associated with ethanol, though the hydrochlorothiazide example above shows this is drug- and polymer-
specific rather than universal; it can also occur under ordinary aqueous conditions if polymer concentration
falls below a robust threshold [25]. Tailing and incomplete release is frequently a polymer-ratio problem:
reducing HPMC below a critical level in one water-soluble-drug matrix produced sustained but incomplete
release, with less than full dose recovered even after 24 hours [35]. Batch-to-batch polymer variability arises
from HPMC's cellulose origin and supplier-specific processing; rank-ordering studies of commercial HPMC
batches found hydroxypropyl substitution and viscosity to be the most significant sources of performance
variability even within compendial specification [36].

Table 3. Documented Failure Modes in Antihypertensive Controlled-Release Matrix Tablets

Failure Mode Primary Cause Consequence Mitigation
Verify robustness
: Solvent/mechanical above threshold
Dose dumping . Uncontrolled release
failure of gel layer polymer
concentration
Incomplete Pplymer-to-drug Sub-label dose Confirm minimum
ratio below network- . polymer threshold
release . delivered .
forming threshold experimentally
Batch-to-batch N epplier, Inconsistent Characterize FRCs
il driven polymer FRC . . .
variability - dissolution per lot and supplier
variation
Fed-state PK variability Confirm with
Food effect motility/transit despite consistent in | fed/fasted in vivo
variability vitro data studies

IVIVC status for antihypertensive matrix tablets specifically remains thin. Where Level A correlation has
been established, it demonstrates real value: a propranolol extended-release matrix study achieved external
validation with prediction errors of 0.86% for Cmax and 5.95% for AUC, both comfortably within regulatory
thresholds [37]. A validated IVIVC model allows in vitro dissolution to substitute for further in vivo
bioequivalence testing for subsequent formulation changes, reducing development cost while minimizing the
need for additional animal and human studies but for the many antihypertensive matrix tablets characterized
by dissolution testing alone, no such biowaiver pathway exists, meaning any later process or raw-material
change would strictly require fresh in vivo confirmation. IVIVC development is therefore itself a formulation
investment, not a regulatory afterthought, and it pays off specifically when the underlying CMAs and CPPs
are characterized well enough that a dissolution change can be trusted to predict a pharmacokinetic one.

VIll. PLATFORM COMPARISON AND NATURAL POLYMERS

Matrix systems are one of three broad oral controlled-release architectures alongside reservoir/membrane-
coated and osmotic pump systems, each trading release precision against manufacturing complexity (Table 4)
[4]. Nifedipine offers a direct antihypertensive test: a bioequivalence study comparing a hydrophilic matrix
tablet against a push-pull osmotic pump (GITS) found both delivered nearly constant release over 24 hours,
with Cmax and AUC within standard bioequivalence bounds the matrix system achieved clinically
comparable sustained release to the osmotic system without its membrane/orifice manufacturing burden [38].
Nifedipine GITS remains marketed specifically for the osmotic system's food-independence, illustrating that
platform choice should match a drug's physiological sensitivity rather than follow any platform's abstract
superiority.
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Table 4. Comparison of Oral Controlled-Release Architectures

Feature Matrix Tablets Reservoir Systems Osmotic Pumps
Release mechanism Diffusion/Erosion Membrane- Osmotic pressure
controlled
Manufa_cturlng Low Moderate High
complexity
Food/pH sensitivity Moderate Moderate Low
N Membrane-defect

Dose-dumping risk Lower dependent Very low
Relative cost Low Moderate High

Natural gums (xanthan, guar, karaya) are increasingly explored as sustainable HPMC substitutes. Guar gum
matrices of diltiazem hydrochloride achieved release comparable to a marketed sustained-release product
[39], confirming natural gums can substitute for synthetic retardants even in demanding, high-dose
formulations rather than only in easier, low-dose cases. The limiting factor is not formulation feasibility but
batch-standardization evidence: natural gums carry agro-climatic sourcing variability beyond even HPMC's
supplier-driven variability, and most studies characterize only a single production batch, leaving natural
polymer adoption at QbD-validated commercial scale less evidence-supported than for HPMC despite the
underlying formulation science already being demonstrated.

IX. FUTURE PERSPECTIVES

Closing the gap between demonstrated optimization and real-world robustness will require distinct
contributions from each stakeholder going forward: academic groups generating the cross-drug comparative
data this review shows is largely absent, industry sharing functionality-related characteristic data across
polymer batches and suppliers, and regulatory science treating a documented QbD design space rather than
a single validated formulation as the unit of review.

Future progress will likely depend less on identifying a universally superior polymer or platform than on
systematically integrating cross-class comparative studies, biorelevant dissolution and physiological testing,
QbD/DoE-based interaction-aware optimization, emerging technologies such as 3D-printed personalized and
chronotherapeutic dosing [40], and standardized reporting of natural-polymer batch variability into a single,
coherent development framework.

X. CONCLUSION

This review has argued that antihypertensive controlled-release matrix tablet performance is governed by
interactions among drug physicochemical properties, CMAs, CPPs, and CQAs, rather than by optimization
of individual variables in isolation a pattern demonstrated across mechanisms, formulation variables, cross-
class comparison, chronotherapeutic design, kinetics, failure modes, and platform choice alike. Calcium
channel blockers alone span the full solubility range, meaning no uniform class playbook exists; the same
material attribute shifts its mechanistic role depending on what it is combined with; and robustness against
ethanol, food effects, and batch variability requires verification separate from standard dissolution
optimization. A QbD framework CMAs, CPPs, and CQAs assessed jointly provides the structure needed to
design for these interactions deliberately.

The central message of this review is that formulation optimization and real-world robustness are not the
same achievement: a formulation can be rigorously optimized against standard dissolution testing and still fail
under conditions that optimization never targeted, whether that condition is ethanol co-ingestion, fed-state
motility, or an unremarked change in polymer supplier. Recognizing this distinction, rather than treating
CMAs and CPPs as independently optimizable variables, is the key takeaway this review offers for
antihypertensive matrix tablet design.
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