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Existing and Engineered Excipients as Product-Enabling Materials
Lessons from carbapenem stabilization, long-acting injectable suspensions, and 

ionizable lipids for RNA-encapsulating lipid nanoparticles. Highlighting excipients 
traversing the boundary from inactive to active agents.

Örn Almarsson, PhD 1, Magali B. Hickey, PhD 2

Excipients are often discussed as inactive ingredients, implying to those unfamiliar with pharmaceutical development that 
their function is merely to accompany the active ingredient. It is less well known that many successful drug products depend 
on purpose-built excipient functions that directly control chemical stability, physical form, processability, solubility, delivery, 
and overall clinical usability. This review examines three product histories that illustrate some of  these principles. First, bicar-
bonate-mediated carbon dioxide adduct formation provided a mechanistically elegant route to stabilize carbapenem antibiotics 
in solution: Harnessing the chemistry was a key enabling factor in the translation of  unstable molecules such as meropenem and 
ertapenem into practical injectable products. Second, the long-acting injectable antipsychotic ARISTADA (aripiprazole lauroxil) 
illustrates how suspension performance can depend on deliberate surfactant-API interaction engineering, including the com-
bined use of  sorbitan monolaurate and polysorbate 20 to improve resuspendability, syringeability, and storage behavior. Third, 
the emergence of  ionizable lipid nanoparticles demonstrates the rise of  designer lipid excipients as core enabling delivery 
technologies for genetic medicines. The historical arc from early siRNA ionizable lipids such as Dlin-DMA-MC3 (MC3) to 
mRNA vaccine-era systems containing SM-102, ALC-315 and clinically validated companion lipids such as ALC-0159 illustrates 
how excipient design and selection have become inseparable from therapeutic innovation. Across these cases, the decisive 
variable is not excipient presence alone, but the chemistry-informed fit between drug, materials, dosage form, process and 
use scenario. A final product category examined is where materials are  traversing the boundary between inactive excipient and 
active drugs for example, cyclodextrins. The next era of  excipient research will increasingly reveal multifunctional materials 
engineered with product performance in mind from the outset, and additional examples of  therapeutic uses of  excipients 
are undoubtedly on the horizon. 
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ABSTRACT 



INTRODUCTION

A durable misconception in formulation science is that excip-
ients are merely passive carriers. In practice, many important 
products reach the market only when an excipient or excipient 
system is selected, designed, or even invented to solve a specific 
pharmaceutics problem. Those problems may be chemical, as 
in hydrolysis, oxidation or self-reaction of  an unstable active 
ingredient; physical, as in low solubility, or crystal settling, 
caking, or poor syringeability of  a suspension; or biological, 
as in the need to package and deliver large nucleic acids into 
cells with efficiency and potency not afforded to the large 
nucleic acid payload. In each case, the excipient is not periph-
eral to the product. It is part of  the enabling technology to 
make a medicine.

This review reflects on excipient innovation organized 
around three case studies drawn from product development 
experience: carbapenem stabilization with bicarbonate, surfac-
tant engineering in the long-acting injectable antipsychotic 
ARISTADA, and ionizable lipid systems for RNA medi-
cines (Table 1). These examples were selected because they 
span distinct eras of  pharmaceutical innovation while illus-
trating the same underlying idea: The value statement assert-
ing that molecules become medicines through materials[1].

The purpose of  this review is not to provide exhaustive 
product histories, but rather to distill mechanistic lessons 
from the authors’ experience that are broadly useful for 
excipient research. The cases show that productive, success-
ful excipient selection is chemistry-driven, context-specific, 
and inseparable from manufacturability, product profile and 
clinical use. They also show how the field has evolved from 

adapting existing materials to inventing new excipients 
whose function can define an entire therapeutic modality.

Bicarbonate as a stabilizing excipient: from 
meropenem to ertapenem
Why carbapenems posed an excipient problem
Carbapenem antibiotics are among the clearest examples of  
an active ingredient whose value depends on taming intrin-
sic chemical instability. The beta-lactam system is highly 
strained and vulnerable to degradation in solution. In addi-
tion, carbapenems that contain a basic amine can undergo 
intermolecular reactions that produce dimers or related 
degradation products. The practical consequence is severe 
formulation risk: the drug may be potent pharmacologically, 
yet unusable commercially if  it cannot survive manufactur-
ing, storage, and clinical preparation and hold times.

A key mechanistic advance was the recognition that mero-
penem exists in equilibrium with a carbon dioxide adduct in 
bicarbonate solution [2]. That observation reframed bicar-
bonate from a conventional buffer into a functional excipi-
ent participating in a reversible chemical interaction with 
the drug substance. Rather than simply adjusting pH, bicar-
bonate generated carbon dioxide species that temporarily 
masked the reactivity of  the amine. The chemistry was ele-
gant because the CO2 adduct was stabilizing during formu-
lation yet reversible under physiological conditions. In the 
case of  meropenem, the MERREM® IV product contained 
crystalline drug (as trihydrate, see Figure 1) with a solid 
sodium carbonate excipient. It is unclear whether the devel-
oper intended for a chemical reaction to occur or the selec-
tion was done based on the need for pH adjustment and 

Table 1. Product-enabling functions illustrated by the three case studies 
Case	 Excipient(s)	 Mechanistic contribution	 Product impact

Carbapenem antibiotics 	 Bicarbonate / carbon	 Reversible CO2 adduct formation	 Enabled practical injectable 	
meropenem/ertapenem	 dioxide, buffer	 suppresses API self-reaction and 	 carbapenem products		
		  improves product chemical stability 

ARISTADA	 Sorbitan monolaurate 	 Interfacial control improved redis-	 Enabled a ready-to-use, 	
(aripiprazole lauroxil) 	 + polysorbate 20	 persion and syringe performance 	 easy to use, long-acting		
		  in a crystalline suspension	 injectable product

siRNA / mRNA / RNA 	 Ionizable lipids with	 pH-responsive RNA complexation, 	 Enabled siRNA therapeutics	
lipid nanoparticles (LNPs)	 helper lipids and 	 self-assembly, colloidal stabilization,	 and mRNA vaccines; 		
	 PEG-lipids 	 intracellular transfer, endosomal 	 created a platform modality	
		  escape, leading to efficacy
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of  excipient function, involving transient chemical partner-
ship for stabilization of  the drug, and while unusual it illus-
trates well the central role of  chemistry in understanding 
formulation options and strategies.

Product impact
For ertapenem, bicarbonate-mediated stabilization is best 
viewed as product-enabling chemistry. Without a suitable 
excipient strategy, the active ingredient would have remained 
a liability and formulation would have required cold-chain 
storage. The unfavorable storage profile was considered a crit-
ical barrier to commercialization. With the adduct involved, 
it became possible to develop and prove a robust lyophilized 
product with clinically workable handling characteristics 
and the critical room-temperature storage label. The transi-
tion from unstable drug candidate to INVANZ was there-
fore not merely an API story; it was an excipient story 
rooted in chemical mechanism and engineering.

Suspension engineering in ARISTADA: surfactants as 
performance enablers
The formulation challenge in long-acting injectable aripip-
razole lauroxil
Long-acting injectable (LAI) therapies have evolved from 
early oil-based depots designed simply to extend dosing 
intervals into sophisticated parenteral systems engineered to 
deliver predictable, months-long drug exposures while 
improving adherence and clinical outcomes across chronic 
diseases. Depots have been particularly impactful in manag-

pharmaceutical stability.[3] Regardless, the solution specia-
tion of  chemicals in the sterile injectable is characterized by 
presence of  a reversible CO2 adduct of  the drug. 

Why the meropenem observation mattered for ertapenem
The significance of  this chemistry extends beyond mero-
penem. It helped establish a generalizable way of  thinking 
about pyrrolidinyl-containing carbapenem stabilization, includ-
ing for ertapenem, where formulation success required control 
of  both hydrolysis and self-reaction pathways. Unlike mero-
penem, which has a stable crystalline API with a long-term 
room temperature storage option, ertapenem sodium is an 
amorphous drug substance with poor storage stability insuffi-
cient for a product. Patent work from Merck documents stabi-
lized carbapenem compositions and processing strategies for 
carbon dioxide adduct-based formulations [4,5]. In product 
terms, the bicarbonate strategy converted a highly labile mol-
ecule into a realistic injectable dosage form rather than leaving 
the API trapped at the stage of  attractive but impractical 
medicinal chemistry. Fortunately, the excipient-drug chemistry 
employing the CO2 adduct of  ertapenem enabled lyophiliza-
tion without loss of  potency en route to the dry, room-tem-
perature stable product we now know as INVANZ®. 

The scientific lesson is broader than carbapenems. 
Formulators often describe stability in terms of  pH-rate 
profiles, antioxidants, chelators, or moisture control. Those 
tools remain important, but the carbapenem example shows 
that an excipient can succeed by participating directly in a 
favorable reversible equilibrium. This is a different category 

Figure 1. Chemical structures of meropenem and ertapenem sodium. CO2 from sodium carbonate (meropenem) and 
bicarbonate (ertapenem) functions as a product-enabling excipient by transiently suppressing a self-reaction — dimerization, 
with resulting loss of potency and safety — while providing bioreversibility under physiological conditions. The stability-
improving impact of the reversible reaction on solutions of these beta-lactams is substantial and is essential for the 
lyophilization process for and resulting stability profile of INVANZ® (ertapenem sodium for IV/IM injection). 

Meropenem trihydrate 
(crystalline) 

Ertapenem sodium 
(amorphous) 

Ertapenem: Poor solid-state 
stability of API requires lyo 
ormulation for RT storage

CO2 bicarbonate buffer attaches to the 
drug here, stabilizing this basic amine, 
blocking dimerization reaction

Meropenem: Solid-state stability 
of API supports room temperature 
storage

232

Review

This Journal is © IPEC-Americas June 2026 Int. Journal of Pharmaceutical Excipients. 2 (11)



but the very hydrophobicity of  the prodrug made formula-
tion as an aqueous crystalline suspension challenging. Settling, 
compaction, resuspension energy, and syringeability all mat-
tered because they affect dose uniformity and clinical 
acceptability. 

Surfactant synergy rather than single-excipient optimization
The ARISTADA formulation history highlights the value 
of  interfacial design. Patents from Alkermes, Inc., describe 
pharmaceutical compositions of  suspensions containing 
sorbitan esters and later compositions with improved stor-
age stability for hydrolytically labile antipsychotic agents 
[6,7]. In practical terms, the formulation path converged on 
a combination of  sorbitan monolaurate and polysorbate 20. 
That pairing is notable because it suggests that the winning 
solution did not come from maximizing the amount of  a 
single stabilizer, but from balancing complementary interfa-
cial effects in a suspension system.

The resulting excipient system improved resuspendabil-
ity and administration characteristics while avoiding a more 
cumbersome polymer-heavy approach. While polymer deliv-
ery has had success in RISPERDAL CONSTA®, the loading 
of  drug in the dosage form is reduced by the polymer matrix, 
while prodrug produts like INVEGA SUSTENNA® and 
ARISTADA® rely on the crystal form of  the pure drug 

without bulk from polymers[9]. 

ing symptoms and relapses in serious mental illness such as 
schizophrenia, and the long-acting atypical (LAI) antipsy-
chotics are a prominent category in this therapeutic area. 
These depots are increasingly in the form of  concentrated 
intramuscular suspensions, where formulation design must 
balance syringeability, physical stability, and dose uniformity 
while relying on controlled crystal dissolution at the injec-
tion site. ARISTADA, a line of  suspension depot products, 
use a two-stage prodrug aripiprazole lauroxil (Figure 2). The 
initiating step in biotransformation to active aripiprazole is 
injection into muscle, deltoid or gluteal, where the crystals 
delivered begin to slowly dissolve and undergo release of  
the active from the injection site. Delivering such a depot 
plug of  solid drug creates both formulation challenges—
such as managing particle size, rheology, and injection-site 
tolerability—as well as opportunities to use novel excipient 
systems to fine-tune depot performance, optimize clinical 
handling, and support broader adoption of  LAI therapy. 
Within this landscape, aripiprazole lauroxil products repre-
sent a distinct subfamily of  crystalline aqueous depot for-
mulations that leverage functional excipients to enable stable, 
ready-to-use suspensions supplied in prefilled syringes and 
other user-friendly presentations. Aripiprazole lauroxil micro-
crystalline suspension was deliberately designed using a pro-
drug for ultra-slow release after intramuscular administration, 

Figure 2. ARISTADA components, actives and two key surfactants. A. Actives: Chemical structures of aripiprazole and 
the prodrug aripiprazole lauroxil, with the lauroxil promoiety highlighted. B. Surfactant excipients in ARISTADA®: 
Chemical structures of sorbitan monolaurate (SML) and polysorbate 20 (PS20).

Sorbitan monolaurate  (SML) 

Aripiprazole lauroxil: crystalline 
prodrug, lower equilibrium solubility in 
water, chosen from a series of options 
Result: Depot injectable flexibility 

Aripiprazole: polymorphic, fixed 
equilibrium solubility in water as 	
a monohydrate. Result: Depot 
injectable choice limited.

Hydrophobic tail changes properties

Lauroyl-oxymethyl: "lauroxil”

Polysorbate 20
(PS20) 

Synonyms: 
Polyoxyethylene (20) sorbitan 
monolaurate, PEG-20 sorbitan 
laurate, Polyethylene glycol 
sorbitan monolaurate

Synonyms: 
Montanate 20™ PPI, 
sorbitan laurate w + x + y + z = 20

A.

B.
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Ionizable lipids: excipients that define a therapeutic 
modality
The shift from adapted excipients to invented excipients
RNA therapeutics brought a new scale of  excipient chal-
lenges. Naked RNAs are large, polyanionic, chemically fragile, 
and rapidly cleared or degraded in vivo. The delivery prob-
lem is not solved by a conventional stabilizer or solubilizer. 
It requires an integrated delivery system that can bind RNA 
during manufacture, promote nanoparticle self-assembly, 
protect the cargo in biological fluids, facilitate cell entry, and 
assist endosomal escape while remaining tolerable and man-
ufacturable. Ionizable lipids emerged because this demand-
ing specification could not be met with legacy excipient sets.

The historical lineage commonly traced in the field 
begins with potent siRNA delivery lipids such as MC3 
(Figure 3), which emerged from rational design efforts to 
optimize ionization behavior and delivery performance 
[10]. Later work on biodegradable lipids refined this logic by 
linking potency with faster post-dose clearance and 
improved tolerability considerations [11]. These develop-
ments established key design principles for the modern 
LNP era: tune apparent pKa (an ionization property of  the 
particle, not the pure component ionizable lipids), exploit 
pH-responsive protonation, and embed biodegradable 
motifs that improve the fate of  the lipid after delivery.

SM-102, ALC lipids and the vaccine-era maturation of 
excipient science
In mRNA systems, the same design principles were extended 
and adapted to the requirements of  larger nucleic acid car-
gos and vaccine administration. The SM-102 series of  mod-
ified lipids was part of  that transition (Figure 3). Sabnis and 
co-workers reported a novel amino lipid series for mRNA 
delivery with improved endosomal escape and sustained in 
vivo performance, including non-human primate data [12]. 
Hassett and co-workers subsequently described optimiza-
tion of  LNPs for intramuscular administration of  mRNA 
vaccines, capturing the point at which ionizable lipid selec-
tion, helper lipid choice, and route-specific performance 
were being engineered as a coordinated system rather than 
as isolated variables [13].

By the time COVID-19 vaccines were developed at pan-
demic speed, much of  the decisive excipient science had 
already been done. The appearance of  SM-102 in autho-
rized Spikevax formulations therefore should not be inter-
preted as a single late-stage selection event, but as the visible 
endpoint of  years of  medicinal chemistry, nanoparticle 

In the administration-focused paper on ARISTADA by 
Farwick and co-workers, the product is described in terms of  
formulation properties that translate directly into use instruc-
tions, including the need for proper tapping and shaking 
prior to injection [8]. This is an important bridge between 
formulation science and real-world performance. The product 
is not only physically engineered, with optimal resuspendability 
in a pre-filled syringe prior to handling at the time of  admin-
istration; it is also behaviorally engineered through human 
factors research for reliable and safe administration.

A broader lesson from ARISTADA
The broader lesson is that excipients in injectable suspen-
sions should be evaluated for more than the traditional met-
rics such as particle size, viscosity, or sedimentation rate: 
The full chain of  product performance, including storage 
and transportation stability, ease of  redispersion, needle 
gauge, injectability, and robustness to user handling, need 
early integration into design. The surfactants in ARISTADA 
did not function as generic wetting agents. They were part 
of  a carefully tuned microenvironment that allowed an oth-
erwise difficult suspension to become a commercially viable 
product with successful use over almost a decade.

Prodrugs as chemical solutions to delivery problems
Taken together, the ertapenem and aripiprazole lauroxil stories 
also underscore the utility of  prodrugs as delivery-enabling 
chemical entities. In the classical sense, a prodrug is a biorevers-
ible derivative introduced to improve formulation properties, 
pharmacokinetics, targeting, or route of  administration [19,20]. 
The bicarbonate-derived carbapenem carbon dioxide adduct, 
is not a purpose-synthesized pro-moiety, but it is reminis-
cent of  a prodrug acting as a stabilizing species: a transient, 
reversible covalent modification that suppresses a key deg-
radation pathway while remaining biologically labile [2,19].

ARISTADA, by contrast, contains an engineered prod-
rug tailored for depot delivery. Aripiprazole lauroxil was 
deliberately designed to lower aqueous solubility, with very 
slow liberation of  active aripiprazole after intramuscular 
administration, thereby enabling prolonged systemic expo-
sure from a practical injectable suspension [8,21]. These 
examples sit at different points on the same conceptual 
spectrum. One uses reversible adduct formation generated 
in the formulation environment; the other uses intentional 
covalent derivatization of  the drug substance itself. Both 
illustrate how chemical modification can be central to solv-
ing delivery problems rather than peripheral to them.
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This distinction matters. Discussions of  ionizable lipids 
can become overly centered on the protonatable lipid head-
group, yet the clinically validated LNP is a multicomponent 
assembly whose behavior depends on structural lipids, cho-
lesterol, and surface-active PEG-lipids as well. ALC-0159 
contributes colloidal behavior and surface presentation in a 
different way than SM-102 or ALC-0315, but it belongs to 
the same product-level story: excipient innovation in LNPs 
is system design[15]. An alternative PEG lipid is PEG2k-
DMG, SUNBRIGHT® GM-020 (NOF Corporation), which 
is used to stabilize LNP colloidal structure in Moderna vac-
cine products. 

The ionizable lipids in Figure 3 get the most attention, 
given their disproportionate impact on the delivery profile 
of  large RNAs. This situation is likely to changes, as formu-
lation design efforts for large nucleic acid payloads will 
depend on co-optimizing all functions of  the LNP systems, 
such as the surface lipids (PEG alternatives and phospholipid 
replacements), sterol alternatives (beta-sitosterol augmented 
LNPs boosting delivery relative to cholesterol-containing 
LNPs) [22], for example. The multi-component nature of  
LNPs offers a vast canvas for design and development of  
RNA and DNA non-viral formulation systems of  the future. 

screening, mRNA vaccine R&D, process development, and 
excipient manufacturing scale-up [14,16]. It is worth noting 
that excipient innovation was one essential layer within a 
broader technological ecosystem that also included microflu-
idic manufacturing methods, nucleoside modification chem-
istry to reduce innate immune responses to mRNA, cold-chain 
logistics, and regulatory frameworks capable of  moving at 
pandemic speed; the excipient story told here is deliberately 
focused on the materials dimension.

MC3, ALC-315, SM-102 and ALC-0159 as predecessors in 
the LNP excipient space
It is important to reflect on the histories of  MC3 and the 
first clinically proven ionizable lipids. MC3 anchors the ear-
lier clinically successful siRNA generation and represents a 
conceptual predecessor for later ionizable lipid design 
[10,11]. ALC-0159, by contrast, is not an amino lipid but a 
PEG-lipid conjugate used in ONPATTRO® and the 
Comirnaty® mRNA vaccine LNP system; its importance 
lies in showing that clinical success depends on a complete 
lipid ensemble rather than on the ionizable lipid alone. In 
the Comirnaty assessment record, ALC-0315 and ALC-
0159 are identified as novel excipients [17].

Figure 3. Schematic of a lipid nanoparticle (LNP) loaded with a nucleic acid (RNA, DNA) with chemical structures of 
lipids including ionizable lipids. While ionizable lipids drive the potency of delivery substantially, overall LNP product 
performance emerges from a complete excipient ensemble and process rather than from the ionizable lipid alone. PEG 
lipids provide colloidal stability of LNPs in product prior to administration. 
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release, and tolerability. The mechanistic diagnosis points to 
the correct material strategy.
n Fit-for-product rather than fit-for-class. There is no 
universal ranking of  excipients independent of  dosage form 
and use scenario. A material that is excellent in a tablet or 
solution may be irrelevant in an intramuscular suspension 
or an LNP. Product development therefore depends on 
contextual fit rather than excipient reputation.
n Multifunctionality. Modern excipients often do more 
than one job. Bicarbonate acts as buffer and reactive stabi-
lizer. Sorbitan monolaurate and polysorbate 20 affect wetting, 
interfacial behavior, redispersion, and usability. Ionizable 
lipids influence encapsulation, self-assembly, systemic and 
cellular interactions, endosomal escape, potency, and safety. 
n Manufacturability is part of  function. An excipient 
that performs well in a benchtop experiment but cannot be 
synthesized reproducibly, purified adequately, or scaled eco-

The rise of excipients as platforms
Ionizable lipid systems differ from the earlier case studies in 
one important respect. Bicarbonate enabled a product. The 
surfactant system in ARISTADA enabled a product class 
within a formulation type. Ionizable lipids, however, can enable 
an entire modality. Once the excipient platform is validated, 
it can support multiple cargos, indications, and administration 
strategies. That is a major reason why LNP excipients now sit 
at the center of  contemporary therapeutic innovation rather 
than at the periphery of  formulation development[18]. 

Cross-cutting design principles for excipient research
n Mechanism first. The most productive excipient pro-
grams begin by mapping the dominant failure mode. In car-
bapenems the problem was reactive instability; in 
ARISTADA it was particulate behavior during storage and 
administration; in mRNA systems it was coordinated delivery, 

Figure 4. Chemical structures of dimethyl sulfoxide (A), beta-cyclodextrin (B), sulfobutyl-beta-cyclodextrin (C), 
hydroxypropyl-beta-cyclodextrin (D), and gamma-cyclodextrin (E) in Sugammadex. (F) Host-guest complex schematic 
showing a neuro-muscular blocker complexed in the gCD.  (G) Linking hydroxypropyl-beta-cyclodextrin to cholesterol 
trafficking in Niemann-Pick disease type C. 
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active intravesical ingredient indicated for symptomatic relief  
of  interstitial cystitis, not merely a formulation vehicle [23]. Its 
long-recognized solubilization, membrane transport, anti- 
inflammatory, analgesic, and radical-modulating effects help 
explain why DMSO has occupied a distinctive place at the 
boundary between excipient and drug for decades [24].

Cyclodextrins as both excipients and drugs
Cyclodextrins (Figure 4) comprise a group of  homologous 
cyclic sugar analogs that have had a role in drug delivery for 
decades due to interesting complexation properties: As 
excipients, they are well-known host-guest materials used to 
improve solubility, reduce local irritation, and stabilize diffi-
cult molecules in parenteral and other formulations [25][26]. 
Cyclodextrins provide a particularly instructive example of  
how a material originally developed as a formulation excipient 

nomically has not fully solved the pharmaceutical problem. 
This point is especially evident in the LNP field, where 
excipient supply and process chemistry were among many 
prerequisites for vaccine deployment.
n Clinical handling should be designed, not left to 
chance. The distinction between formulation performance 
and user performance is false. ARISTADA demonstrates that 
administration behavior is part of  the formulation outcome, 
and reconstitution or preparation constraints in injectable 
products similarly belong within the excipient design.

When excipients have direct drug action
DMSO in RIMSO-50
Dimethyl sulfoxide (Figure 4) provides a classic example of  a 
material widely used as a solvent and process aid that also has 
direct pharmacologic activity. In RIMSO-50, DMSO is the 

Table 2. High priority cyclodextrin clinical programs: status signals and evidence notes 

Program / asset	 Cyclodextrin type	 Key trial(s)	 Current status signal

Trappsol Cyclo in NPC1	 Intravenous HPβCD	 NCT04860960	 Phase 3 / registration. NPC fully enrolled; active/	
			   in progress but not accepting new participants.

Trappsol Cyclo in early	 Intravenous HPβCD	 NCT05607615	 Phase 2/2b; recruiting in workbook and public 	
Alzheimer’s disease 			   trial listings.

VTS-270 in	 Intravenous and 	 NCT02534844	 Legacy trials are completed/terminated/		
infantile-onset NPC 	 intrathecal HPβCD	 and legacy/	 not recruiting; NDA accepted			 
		  EAP data	 for review in 2025.

Allopregnanolone + 	 SBECD / Dexolve	 NCT07079761; 	 Phase 2 PTSD studies listed as recruiting or	
Dexolve/SBECD in PTSD	 formulation	 NCT04468360	 active-recruiting in public sources.

OCS-01 in DME and 	 Gamma-CD	 NCT05066997; 	 DIAMOND Phase 3 DME last patient visits	 cat-
aract inflammation/	 nanoparticle	 NCT06172257; 	 complete; top-line expected June 2026; 		
pain	 formulation lineage	 NCT05147233	 OPTIMIZE-1 completed.

SFX-01	 Alpha-CD stabilized 	 NCT01948362; 	 Phase 1/2 clinical precedent; no active		
	 sulforaphane complex	 NCT02055716; 	 recruitment in workbook; STAR-COVID/CAP	
		  NCT02970682; 	 discontinued.					   
		  NCT02614742; 								      
		  EudraCT 2020-								      
		  003486-19

Captisol/SBECD 	 SBECD / Captisol	 Examples: 	 Mostly completed, approved, approval-		
formulation portfolio		  NCT01660633; 	 enabling, withdrawn or PK/safety-focused		
		  NCT01401647; 	 programs.						   
		  NCT01128959; 								      
		  NCT04431453

Cyclodextrin-polymer 	 Cyclodextrin-	 NCT00689065;	 Mostly completed. No active recruitment 	
oncology platforms	 containing	 NCT02769962; 								      
	 polymer systems	 NCT04669002 								      
		  and related 								      
		  CRLX101/NLG207 								     
		  studies
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Outlook
Excipients are continually evolving from support roles 
toward more explicit recognition as innovation drivers. This 
shift has several implications for the field. First, the discovery 
and qualification of  novel excipients will increasingly resem-
ble medicinal chemistry, pharmaceutical science and materials 
engineering rather than simple selection from a compendial 
menu. Second, regulatory science will need to continue to 
adapt so that unfamiliar but well-characterized excipients can 
be assessed in a way that rewards mechanism knowledge, 
quality of  components, and clinical benefit without creating 
unnecessary barriers. Third, platform technologies such as 
LNPs are likely to deepen the strategic value of  excipient 
intellectual property, because the material itself  may be the 
key determinant of  which medicines can be made. 

For researchers, the practical takeaway is straightforward: 
excipient science and product definition should begin early 
in development. Too many programs still treat formulation 
as downstream optimization after API discovery or 
sequence design. The case studies reviewed here argue for 
the opposite model. Chemistry, materials, dosage form 
design, and product strategy should be integrated from the 
outset[1].

CONCLUSION
Across carbapenem antibiotics, long-acting crystalline inject-
able suspensions, lipid nanoparticles for RNA delivery, and 
the emerging examples of  DMSO and cyclodextrins as direct 
therapeutic agents, the same principle holds: the right excip-
ient is often what transforms a promising molecule into a 
viable medicine. Excipients are not peripheral or incidental 
to product preparation and performance. They are often 
the decisive material technologies through which drug sta-
bility, injectability, release, targeting, and sometimes desir-
able pharmacology is achieved.

can be engineered into a therapeutic agent.  A notable example  
of  a cyclodextrin crossing into drug territory is sugammadex, a 
modified gamma-cyclodextrin with a therapeutic action that is 
a supramolecular binding event:º encapsulation of  rocuronium 
or vecuronium to reverse neuromuscular blockade [27][28]. 

Cyclodextrins in clinical-trial and sponsor/public-source 
data are surprisingly common: An April 2026 survey identi-
fied 81 cyclodextrin-related clinical records across U.S. and 
rest-of-world registries, as summarized in Table 2. The scope 
was intentionally selective for cyclodextrin as an active ther-
apeutic exposure, stabilizing complex, named formulation 
or delivery technology, or prespecified pharmacokinetic/
safety endpoint; routine approved-drug studies where cyclo-
dextrin was only an inactive excipient were not exhaustively 
enumerated. As shown in Table 2, Trappsol Cyclo is in late-
stage NPC1 development, with the NPC fully enrolled and 
active, but not-recruiting, and is also in an early Alzheimer’s 
Phase 2/2b study listed as recruiting [29]. VTS-270 provides 
a separate HPβCD precedent with multiple legacy NPC trials 
listed as completed, terminated, withdrawn or not recruiting.  

Aside from HPβCD, the landscape is primarily formula-
tion- or platform-enabled rather than cyclodextrin acting as 
the disease-modifying mechanism. Alpha-CD records are 
dominated by SFX-01, a stabilized sulforaphane/alpha-CD 
complex with Phase 1/2 studies and completed nutrition/
mechanistic alpha-CD trials. SBECD/Captisol/Dexolve are 
mostly formulation-enabling programs, with active PTSD 
neurosteroid studies using allopregnanolone/Dexolve and 
historical approved or approval-enabling Captisol formulations 
such as EVOMELA and IV carbamazepine. Gamma-CD/
modified gamma-CD records include approved sugammadex. 

Polymeric cyclodextrin platforms have produced sub-
stantial oncology clinical experience but limited current active 
recruitment in the workbook. The CRLX101/NLG207/
EP0057 camptothecin-polymer lineage and CALAA-01 
siRNA nanoparticle program collectively demonstrate clini-
cal translation of  cyclodextrin-based delivery architectures, but 
most listed studies are completed, terminated or withdrawn.
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