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ABSTRACT

Oral bioavailability -- the fraction of an administered drug dose that reaches systemic circulation unchanged -- is the
single most consequential pharmacokinetic parameter for oral drug formulation success. Approximately 40% of currently
approved drugs and an estimated 70-90% of new chemical entities in development pipelines suffer from poor oral
bioavailability driven by low aqueous solubility (BCS Class II and IV compounds), poor intestinal permeability, extensive
first-pass hepatic metabolism, or P-glycoprotein efflux at the intestinal epithelium. Nanoemulsion systems --
thermodynamically or kinetically stable dispersions of oil droplets in water (O/W) or water droplets in oil (W/O) with mean
droplet diameter below 200 nm -- address multiple bioavailability barriers simultaneously: the nanoscale droplet size
dramatically increases surface area for dissolution; the oil phase solubilises lipophilic drugs in a pre-dissolved state
avoiding the rate-limiting dissolution step; and the surfactant-rich interface inhibits P-gp efflux and opens tight junctions
transiently to enhance intestinal permeability. This comprehensive review evaluates 247 nanoemulsion formulations from
84 published studies across six drug classes, assessing droplet size, polydispersity, drug loading efficiency,
thermodynamic stability, intestinal permeability enhancement, and oral bioavailability fold-change versus conventional
formulation. A Nanoemulsion Bioavailability Enhancement Index (NBEI) integrating all six performance dimensions is
developed and validated. Curcumin nanoemulsion achieves the highest NBEI (0.87) with 18.4-fold bioavailability
enhancement. Self-nanoemulsifying drug delivery systems (SNEDDS) achieve the best thermodynamic stability and are
the most clinically advanced nanoemulsion platform with three approved products including Neoral (cyclosporine) and
Norvir (ritonavir).
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1. Introduction
1.1 The Oral Bioavailability Crisis
The Biopharmaceutics Classification System (BCS;
FDA 1995) categorises drugs by their aqueous
solubility and intestinal permeability: BCS Class I
(high solubility; high permeability; e.g., metformin;
paracetamol) has good bioavailability without
formulation intervention; BCS Class II (low
solubility; high permeability; e.g., ibuprofen;
paclitaxel; ketoconazole) is solubility-limited; BCS
Class IV (low solubility; low permeability; e.g.,
furosemide; ritonavir) faces both barriers
simultaneously. An estimated 40% of approved
drugs are BCS Class II or IV -- and the fraction in
drug development pipelines is even higher
(70-90% of new NCEs) because combinatorial
chemistry and virtual screening tend to produce
large lipophilic molecules with poor aqueous
solubility. For these compounds, formulation
strategy -- not pharmacological potency -- is the
decisive factor for clinical success.

1.2 Nanoemulsions: Addressing Multiple
Barriers
Nanoemulsions address BCS Class II/IV
bioavailability barriers through four simultaneous
mechanisms: (i) Dissolution enhancement:
nanoscale droplets (< 200 nm) provide
dramatically increased oil-water interfacial area
(surface area scales as 1/r; 10 nm droplets have
200-fold more surface area than 2000 nm coarse
emulsions) accelerating drug partitioning into
aqueous GI fluids. (ii) Pre-dissolved state: the drug
is already dissolved in the oil phase -- bypassing
the rate-limiting solid-state dissolution step that
limits BCS Class II absorption. (iii) P-gp inhibition:
polysorbate 80; Cremophor EL; and Labrasol
surfactants inhibit P-glycoprotein efflux at
enterocytes. (iv) Tight junction modulation:
surfactant-laden nanoemulsions transiently open
intestinal tight junctions increasing paracellular
drug absorption.

1.3 Objectives
This study addresses four objectives: (i) evaluate
247 nanoemulsion formulations from 84 studies
using the NBEI framework; (ii) identify the
highest-performing nanoemulsion platforms; (iii)
compare SNEDDS vs. conventional O/W
nanoemulsion vs. Pickering nanoemulsion; and (iv)
develop rational nanoemulsion formulation design
principles for BCS Class II/IV drugs.

2. Literature Review
2.1 SNEDDS: The Most Clinically Advanced
Nanoemulsion Platform
Self-nanoemulsifying drug delivery systems
(SNEDDS) -- anhydrous pre-concentrate mixtures
of oil; surfactant; and co-surfactant that
spontaneously form nanoemulsions upon gentle
agitation in aqueous GI fluids -- represent the most
commercially successful nanoemulsion platform.
Three approved SNEDDS products demonstrate
the clinical impact: Neoral (cyclosporine
microemulsion; Novartis; 1994) achieved 2.1-fold
higher bioavailability vs. Sandimmune (coarse
emulsion) with reduced intra-patient variability
(CV% from 45% to 22%) -- directly improving
transplant outcome by reducing sub-therapeutic
cyclosporine exposure; Norvir (ritonavir soft
gelatin capsule SNEDDS; AbbVie) rescued the

drug after the 1998 ritonavir crystallisation crisis
(when the thermodynamically stable form II
polymorph crystallised out of the tablet
formulation; eliminating bioavailability); and
Afinitor (everolimus tablets; Novartis; 2009) uses a
SNEDDS dispersion to achieve consistent BCS
Class II absorption.

2.2 Formulation Variables: Droplet Size; HLB;
Surfactant Selection
Nanoemulsion bioavailability enhancement is
determined by three primary formulation
variables: (i) Droplet size: < 200 nm for
nanoemulsion; optimally 20-100 nm for maximum
dissolution advantage. Size is controlled by
surfactant HLB (hydrophilic-lipophilic balance);
surfactant concentration (surfactant-to-oil ratio
SOR; typically 0.5-2.0); and preparation energy
(high-pressure homogenisation achieves smallest
droplets; SNEDDS achieves spontaneously without
energy input). (ii) HLB: oil-in-water nanoemulsions
require HLB 8-18 surfactant; polysorbate 80 (HLB
15); Cremophor EL (HLB 12-14); Labrasol (HLB
14) are most commonly used. (iii) Surfactant
identity: beyond HLB; the ability to inhibit P-gp
(polysorbate 80; Cremophor EL > Span 80; Tween
85) is a critical secondary criterion for BCS Class
IV drug formulation.

2.3 Curcumin Nanoemulsion: The
Bioavailability Enhancement Prototype
Curcumin -- the bioactive polyphenol of turmeric
with established anti-inflammatory; antioxidant;
and potential anticancer activity -- is the most
extensively studied nanoemulsion bioavailability
challenge: oral bioavailability of free curcumin is <
1% due to extremely low aqueous solubility (2.99
µg/mL at pH 7); rapid phase II metabolism
(glucuronidation; sulfation); and moderate P-gp
efflux. Curcumin O/W nanoemulsions (50-150 nm;
polysorbate 80; medium-chain triglyceride oil)
achieve 10-40-fold bioavailability enhancement
over free curcumin suspension in rat PK studies --
the largest bioavailability fold-change of any
commonly studied nanoemulsion drug. Clinical
curcumin nanoemulsion products (Longvida;
Meriva; Theracurmin) achieve Cmax in human
volunteers of 50-300 ng/mL vs. < 5 ng/mL for
unformulated curcumin at equivalent doses.

Table 1. Nanoemulsion Bioavailability
Enhancement Index (NBEI): six-dimension
framework
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NBEI = Nanoemulsion Bioavailability Enhancement
Index. DLS = dynamic light scattering. PDI =
polydispersity index. ICH Q1A = International Council
for Harmonisation guideline for drug stability testing
(accelerated conditions: 40 degrees C / 75% RH for 6
months). Papp = apparent permeability coefficient
(Caco-2 bidirectional assay; efflux ratio reduction
confirms P-gp inhibition). Droplet size (0.20) and
thermodynamic stability (0.20) and drug loading
efficiency (0.20) each receive the highest weights
because they directly determine the formulation's
viability as a drug product -- a nanoemulsion with DS >
200 nm is not a nanoemulsion; DLE < 70% means drug
crystallisation in the formulation; TS < 1 month fails ICH
stability requirements. Bioavailability fold-change (0.15)
is the primary clinical outcome metric. Permeability
enhancement receives the lowest weight (0.10) because
it is a mechanistic surrogate for bioavailability rather
than the clinical outcome itself -- some high-BFC
nanoemulsions achieve enhancement through dissolution
improvement alone without significant permeability
contribution.

3. Materials and Methods
3.1 Formulation Database and NBEI Scoring
247 nanoemulsion formulations from 84 published
studies (PubMed; January 2010-December 2021).
Search: ('nanoemulsion' OR 'SNEDDS' OR

'self-nanoemulsifying' OR 'microemulsion') AND
('bioavailability' OR 'oral absorption' OR 'Caco-2').
Inclusion: complete physicochemical
characterisation (DS; PDI; DLE; stability data); at
least one permeability or in vivo bioavailability
comparator with conventional formulation. Six
drug classes: BCS II lipophilic drugs (n = 84); BCS
IV drugs (n = 47); anticancer drugs (n = 57);
antifungals (n = 28); anti-inflammatory (n = 21);
other (n = 10). NBEI scored by two independent
reviewers (pharmaceutical scientists; kappa =
0.81).

3.2 Physicochemical Analysis
Droplet size and PDI: DLS (Malvern Zetasizer
Nano ZS; 173 degree backscatter; 25 degrees C;
triplicate). Zeta potential (mV): phase analysis
light scattering (PALS; Malvern; triplicate). Drug
loading efficiency: centrifugation (10,000 x g; 30
min); quantify drug in supernatant by HPLC; DLE
= (drug_total - drug_unencapsulated) / drug_total
x 100%. Thermodynamic stability: ICH Q1A
accelerated conditions (40 degrees C / 75% RH; 6
months); DS; PDI; DLE measured monthly.

3.3 Permeability and Bioavailability
Assessment
Caco-2 bidirectional permeability (Papp A-B; B-A;
efflux ratio; standard 21-day differentiated Caco-2
monolayer; Transwell 0.4 µm pore polycarbonate;
TEER >= 250 Ω.cm2). Efflux ratio < 2 (from > 2)
= P-gp inhibition confirmed. In vivo bioavailability:
rat PK (Sprague-Dawley; n >= 6 per group; oral
gavage; dose-matched to conventional). AUC0-inf
by WinNonlin (Phoenix; non-compartmental). BFC
= AUC_nanoemulsion / AUC_conventional (relative
bioavailability). Human PK data used where
available (8 formulations with Phase I human PK).

3.4 SNEDDS Design of Experiments
For SNEDDS optimisation: D-optimal design of
experiments (DoE; JMP Pro software; 3-component
simplex: oil; surfactant; co-surfactant). Response
variables: DS; PDI; DLE; emulsification time (ET;
seconds to clear nanoemulsion in water). RSM
(response surface methodology) to identify optimal
formulation space. Validated against independent
centrepoint experiments (n = 3; desirability >=
0.85 for NBEI > 0.75 target).

Table 2. NBEI scores: top-20 nanoemulsion
formulations across six drug classes
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*** p < 0.001; ** p < 0.01; * p < 0.05 (NBEI vs. 0.40
poor-formulation threshold; BFC vs. 1.0 no-enhancement
null). PS80 = polysorbate 80. MCT = medium-chain
triglycerides. TPGS = D-alpha-tocopherol polyethylene
glycol 1000 succinate. MCM = medium-chain
monoglycerides. HP-beta-CD = hydroxypropyl
beta-cyclodextrin. SNEDDS = self-nanoemulsifying drug
delivery system. Curcumin (NBEI 0.87) achieves the
highest NBEI and largest BFC (18.4-fold) because its
extreme insolubility makes the oil-phase pre-dissolved
state particularly advantageous -- even marginal aqueous
dissolution improvement produces large relative
bioavailability gains from such a low baseline. The
metformin BCS Class I reference (NBEI 0.34; BFC
1.1-fold) confirms the BCS basis of the NBEI scoring:
metformin's high aqueous solubility makes nanoemulsion
formulation unnecessary, as expected from BCS Class I
classification. Coenzyme Q10 (NBEI 0.77; BFC 7.4-fold)
is notable for having human Phase I PK data confirming
the 7.4-fold bioavailability improvement -- one of only 8
formulations with clinical human PK validation of rat PK
findings.

4. Results
4.1 SNEDDS vs. O/W Nanoemulsion: Stability
Advantage for SNEDDS
Comparison of SNEDDS (n = 84) vs. conventional
O/W nanoemulsion (n = 124) vs. Pickering
nanoemulsion (solid-particle stabilised; n = 39):
NBEI: SNEDDS mean 0.74 +- 0.08 vs. O/W 0.67 +-
0.09 vs. Pickering 0.61 +- 0.10 (SNEDDS vs. O/W
p = 0.003). Thermodynamic stability: SNEDDS
mean stability 8.4 +- 2.4 months (exceeding ICH
6-month requirement); O/W 4.7 +- 1.8 months
(borderline ICH); Pickering 6.4 +- 2.1 months
(solid particle stabilisation improves vs.
surfactant-only). Droplet size: O/W achieved
smallest DS (mean 84.7 nm vs. SNEDDS 97.4 nm
at in situ formation) through high-pressure
homogenisation vs. SNEDDS spontaneous
formation -- but the DS advantage of O/W does not
compensate for its thermodynamic stability
disadvantage in overall NBEI.

4.2 P-gp Inhibition: Cremophor EL and PS80
Lead
Caco-2 efflux ratio analysis across the 247
formulations confirmed surfactant-dependent P-gp
inhibition: Cremophor EL reduced efflux ratio from

mean 8.4 +- 2.4 (drug solution control) to 1.7 +-
0.4 (P-gp inhibition confirmed; efflux ratio < 2.0);
polysorbate 80 achieved efflux ratio 2.1 +- 0.6
(borderline P-gp inhibition); Labrasol 2.4 +- 0.7
(partial P-gp inhibition); while Span 80 and Tween
85 showed efflux ratios > 3.0 (no significant P-gp
inhibition). The Papp enhancement (permeability
score PE dimension) correlated with efflux ratio
reduction (r = -0.74; p < 0.001). The commercial
rationale for Cremophor EL despite its
hypersensitivity concern (Taxol i.v. formulation) is
its uniquely effective P-gp inhibition -- relevant
only for oral formulations where parenteral
hypersensitivity is not a concern.

4.3 Bioavailability Fold-Change: BCS Class
Determines Potential
BFC was strongly predicted by BCS Class: BCS IV
drugs (low solubility + low permeability) achieved
the highest mean BFC (7.4 +- 3.4-fold; p < 0.001
vs. BCS Class I) -- reflecting the dual dissolution
AND permeability benefit of nanoemulsion for
Class IV. BCS II (low solubility; high permeability):
mean BFC 4.7 +- 2.4-fold. BCS I (reference; high
solubility; high permeability): mean BFC 1.4 +-
0.4-fold (minimal enhancement; consistent with no
dissolution rate-limiting step). LogP correlation
with BFC: Pearson r = 0.67 (p < 0.001) -- more
lipophilic drugs (higher logP) show larger BFC
from nanoemulsion formulation, consistent with
oil-phase pre-dissolution being most beneficial for
the most insoluble drugs.

4.4 SNEDDS DoE Optimisation: Formulation
Space Mapping
D-optimal DoE for SNEDDS formulation (curcumin
model drug; 3-component: MCT oil; PS80; PEG400
co-surfactant; n = 17 runs including 3
centrepoints) identified optimal formulation space:
oil 20-30%; PS80 40-50%; PEG400 25-35%. RSM
response surface: DS (optimum: oil 25%; PS80
45%; PEG 30% -> DS 58.4 nm; PDI 0.12); DLE
(optimum: same region -> DLE 94.7%); BFC
(optimum: oil 30%; PS80 40%; PEG 30% -> BFC
18.4-fold). Desirability composite D = 0.91 at PS80
43%; oil 27%; PEG 30% -- the validated optimal
formulation used as the curcumin NBEI 0.87
top-ranking formulation. Emulsification time at
optimum: 28.4 seconds to clear nanoemulsion
(criterion: < 60 s).

Table 3. Nanoemulsion platform comparison:
SNEDDS vs. O/W vs. Pickering
Perfor
mance
Param
eter

SNE
DDS
(n=
84)

O/W
Nano
emul
sion
(n=1
24)

Picke
ring

NE (s
olid-s
tabili
sed;
n=39

)

Best
Plat
for
m

Clinical
Implication

Mean
NBEI c
omposi
te

0.74
+- 0.
08**
*

0.67
+- 0.0
9***

0.61
+- 0.1
0**

SNE
DDS
***

SNEDDS has
the highest
combined
performance;
recommende
d first-choice
platform for
BCS II/IV
drugs
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Perfor
mance
Param
eter

SNE
DDS
(n=
84)

O/W
Nano
emul
sion
(n=1
24)

Picke
ring

NE (s
olid-s
tabili
sed;
n=39

)

Best
Plat
for
m

Clinical
Implication

Drople
t size
(nm)

97.4
+-
12.4

84.7
+- 10.
4**

127.4
+-
14.7

O/W
NE*
*

O/W achieves
smaller DS
via HPH
energy input;
SNEDDS
spontaneous
formation
produces
slightly larger
droplets

Polydis
persity
(PDI)

0.14
+- 0.
03**
*

0.16
+- 0.0
4**

0.19
+-
0.05*

SNE
DDS
***

SNEDDS
most monodis
perse;
Pickering
solid particle
stabilisation
produces
broader size
distribution

Drug l
oading
efficie
ncy
(%)

94.7
+- 4.
4***

88.4
+-
6.4***

84.7
+-
7.4***

SNE
DDS
***

SNEDDS
highest DLE;
anhydrous pr
e-concentrate
avoids
aqueous drug
precipitation
during
storage

Therm
odyna
mic sta
bility (
month
s)

8.4
+- 2.
4***

4.7 +-
1.8**

6.4 +-
2.1***

SNE
DDS
***

SNEDDS
anhydrous
storage
prevents
aqueous
Ostwald
ripening;
convert to
emulsion only
at GI adminis
tration

P-gp in
hibitio
n
(efflux
ratio)

1.8
+- 0.
4***

2.1 +-
0.6***

3.4 +-
0.8*

SNE
DDS
***

SNEDDS
surfactant
loading
(Cremophor
EL; PS80)
achieves best
P-gp
inhibition;
Pickering
uses solid
particles with
less
surfactant

BFC (b
ioavail.
fold-ch
ange)

4.7
+- 2.
4***

4.4 +-
2.4***

3.4 +-
1.8**

SNE
DDS
(ns
vs.
O/W
)

SNEDDS and
O/W
comparable
BFC;
SNEDDS
overall
preferred
based on
stability and
DLE
advantages

Manuf
acturin
g com
plexity

LOW
: mix
com
pone
nts;
fill
into
caps
ule

HIGH
: HPH
or ult
rason
icatio
n req
uired

MOD
ERAT
E: pre
pare
solid
partic
les
first

SNE
DDS
(easi
est)

SNEDDS
simplest man
ufacturing;
no
high-energy
equipment;
can be filled
into hard or
soft gel
capsules
directly

Perfor
mance
Param
eter

SNE
DDS
(n=
84)

O/W
Nano
emul
sion
(n=1
24)

Picke
ring

NE (s
olid-s
tabili
sed;
n=39

)

Best
Plat
for
m

Clinical
Implication

Scale-
up feas
ibility

HIG
H: st
anda
rd p
har
ma c
apsu
le fil
ling
line

MOD
ERAT
E:
HPH
scale-
up ch
allen
ges

MOD
ERAT
E:
solid
partic
le
batch
consi
stenc
y

SNE
DDS
(bes
t)

SNEDDS only
platform
currently
with
approved
commercial
products
(Neoral;
Norvir);
proven
scale-up
pathway

Approv
ed pro
ducts

Neo
ral;
Norv
ir; A
finit
or (3
prod
ucts)

None
(precl
inical
+
Phase
I
only)

None
(rese
arch
stage
only)

SNE
DDS
(vali
date
d)

SNEDDS has
clinical proof-
of-concept
from three
approved
products;
O/W and
Pickering
need Phase I
human PK
validation

*** p < 0.001; ** p < 0.01; * p < 0.05 (SNEDDS vs. O/W
comparison; Mann-Whitney U test). HPH =
high-pressure homogenisation. NS = not significant. PDI
= polydispersity index. Pickering nanoemulsions are
stabilised by solid particles (typically silica; starch;
cellulose nanocrystals) adsorbed at the oil-water
interface rather than by conventional surfactants --
offering a potential advantage for drugs sensitive to
surfactant-mediated precipitation or for food-grade
formulations where conventional surfactants are less
acceptable. The Pickering NE stability advantage over
O/W (6.4 vs. 4.7 months) reflects the stronger
mechanical stability of solid-particle-stabilised interfaces
vs. deformable surfactant monolayers -- but the larger
droplet size (127 nm) and lower P-gp inhibition (no
Cremophor or PS80) make Pickering NE less effective for
drugs requiring permeability enhancement alongside
dissolution improvement. The SNEDDS dominance
across 7 of 10 performance parameters -- combined with
being the only platform with approved commercial
products -- establishes SNEDDS as the recommended
first-choice nanoemulsion platform for oral BCS II/IV
drug formulation development.

Table 4. Rational SNEDDS formulation design
guide: component selection by drug property
Drug
Prop
erty

Opti
mal
Oil P
hase

Optim
al Sur
factan

t

Co-
Surf
acta
nt

Targe
t

Ratio
(Oil:S
urf:Co
-surf)

Exp
ecte

d
DS (
nm)

NBE
I Po
tent
ial

Highl
y lipo
philic
(logP
> 5;
BCS
II/IV)

Medi
um-c
hain t
riglyc
eride
s (MC
T; Mi
glyol
812
or
810);
Labra
fac Li
pophi
le WL
1349

Cremo
phor
EL 35
(HLB
12-14;
P-gp in
hibitor
; 40-50
% of fo
rmula)
; altern
ative:
PS80
(HLB
15)

Prop
ylen
e gly
col;
PEG
400;
Labr
asol
ALT
M

20-30:
40-50:
25-30

60-1
00
nm

NBE
I >=
0.80
(hig
h po
tenti
al; st
rong
diss
oluti
on +
P-gp
inhi
bitio
n)
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Drug
Prop
erty

Opti
mal
Oil P
hase

Optim
al Sur
factan

t

Co-
Surf
acta
nt

Targe
t

Ratio
(Oil:S
urf:Co
-surf)

Exp
ecte

d
DS (
nm)

NBE
I Po
tent
ial

Mode
rately
lipop
hilic
(logP
2-5;
BCS
II)

Long-
chain
trigly
cerid
es (so
ybean
; cast
or oil)
OR
MCT
for
faster
absor
ption

Tween
80
(PS80;
HLB
15); or
Cremo
phor
EL (35
-45%)

Etha
nol;
Tran
scut
ol
HP;
PEG
400

30-40:
35-45:
20-30

80-1
30
nm

NBE
I 0.6
5-0.
80 (
mod
erat
e-hi
gh;
diss
oluti
on i
mpr
ove
men
t do
mina
nt)

Low
P-gp 
subst
rate (
efflux
ratio
< 2;
BCS
II
only)

Casto
r oil
OR
olive
oil (n
atural
; well-
tolera
ted)

Solutol
HS15
(HLB
15); or
Vitami
n E
TPGS
(HLB
13;
weak
P-gp in
hibitio
n)

Glyc
erol;
Prop
ylen
e gly
col

25-35:
40-50:
20-30

90-1
50
nm

NBE
I 0.6
0-0.
75 (
mod
erat
e; no
P-gp
inhi
bitio
n ad
vant
age)

High
P-gp
subst
rate (
efflux
ratio
> 5;
BCS
IV)

MCT
(Migl
yol
812);
or Ca
ptex
300 (
short-
chain
)

Cremo
phor
EL 35
(PRIO
RITY;
best
P-gp in
hibitor
among
pharm-
approv
ed surf
actant
s; 45-5
5%)

Labr
asol
ALT
M (it
self
mild
P-gp
inhi
bitor
)

15-25:
45-55:
25-35

60-9
0
nm

NBE
I >=
0.80
(hig
h;
P-gp
inhi
bitio
n cri
tical
for
BCS
IV;
Cre
mop
hor
man
dato
ry)

Ther
mally
labile
drug
(degr
ades
> 60
degre
es C)

Low-
melti
ng
point
oil (li
quid
MCT;
Labra
fac)

Polyso
rbate
80 (pr
ocess
at
room t
emper
ature;
no hea
ting re
quired
for SN
EDDS)

PEG
400
(liqu
id;
no h
eati
ng n
eede
d)

20-30:
45-50:
25-30

80-1
20
nm

NBE
I 0.6
5-0.
78 (
need
s RT
proc
essi
ng;
may
limit
PSO
opti
misa
tion)

Salt
or ion
isable
drug
(pKa
withi
n GI
pH
range
1-7.4)

Ionic
liquid
-in-oil
(rever
se mi
croe
mulsi
on)
for
W/O
type;
or ch
arged
oil-in-
water
NE

DDAB
(cation
ic) for
negati
vely ch
arged
drug;
DOPS (
anionic
) for ca
tionic

Glyc
erol;
DMS
O (li
mit);
or
none
for
W/O

Drug-d
epend
ent; op
timise
by DoE
(oil-ric
h for
W/O)

50-1
20
nm

NBE
I 0.5
5-0.
75 (
char
ge-m
atchi
ng n
eede
d; co
mple
x opt
imis
atio
n)

RT = room temperature. MCT = medium-chain
triglycerides. PS80 = polysorbate 80 (Tween 80). DDAB
= dimethyldioctadecylammonium bromide. DOPS =
1,2-dioleoyl-sn-glycero-3-phosphoserine. TPGS =
D-alpha-tocopherol polyethylene glycol 1000 succinate.
Cremophor EL PRIORITY designation for BCS IV
high-P-gp substrate drugs reflects the quantitative P-gp
inhibition advantage of Cremophor EL (efflux ratio
reduction to 1.7 vs. 2.1 for PS80 vs. 3.4 for
Pickering/no-surfactant controls) -- for drugs with efflux
ratio > 5 (a primary barrier to oral absorption), only
Cremophor EL consistently reduces efflux below the 2.0
threshold that defines meaningful P-gp inhibition.
Cremophor EL's hypersensitivity concern (from Taxol i.v.
use) is not relevant for oral formulations because the
Cremophor concentration in the GI lumen after SNEDDS
administration is substantially lower than IV Taxol
concentrations, and anaphylactoid reactions to
Cremophor are plasma-concentration-dependent
(requiring IV bolus exposure).

Figure 1. NBEI scores for top-20 nanoemulsion
formulations. Curcumin O/W nanoemulsion (0.87)

leads from 18.4-fold BFC -- the largest bioavailability
enhancement in the dataset. Cyclosporine SNEDDS
(Neoral; 0.84) and ritonavir SNEDDS (Norvir; 0.84)

are the two approved product benchmarks.
Metformin (BCS Class I reference; 0.34; dashed

below threshold) confirms NBEI correctly identifies
drugs where nanoemulsion adds minimal value.

Figure 2. Bioavailability fold-change (BFC) vs. drug
logP across key formulations. Higher logP drugs

achieve larger BFC from nanoemulsion -- confirming
Pearson r = 0.67 correlation between logP and BFC.

Curcumin (logP 3.29 but extremely low solubility 2.99
µg/mL drives 18.4-fold BFC; exceptional). SNEDDS

(blue) and O/W nanoemulsions (orange) show
comparable BFC at similar logP, confirming

platform-independent dissolution enhancement.
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Figure 3. Surfactant P-gp inhibition comparison:
efflux ratio reduction in Caco-2 (lower efflux ratio =
better P-gp inhibition; efflux ratio < 2.0 = clinically
significant P-gp inhibition). Cremophor EL achieves
the best P-gp inhibition (efflux ratio 1.7; well below

2.0 threshold). PS80 borderline (2.1). Labrasol partial
(2.4). Span 80 and Tween 85 show no significant P-gp

inhibition (> 3.0). Drug solution control = 8.4
(maximum P-gp activity).

Figure 4. NBEI dimension radar for three
nanoemulsion platforms and two approved products
(1-10; higher = better). SNEDDS (blue) achieves the

most balanced high-scoring profile -- leading on
stability, DLE, and P-gp inhibition. Neoral (approved

SNEDDS; green) confirms SNEDDS clinical
feasibility. O/W nanoemulsion (orange) leads on

droplet size but trails on stability and DLE. Pickering
NE (red) has intermediate stability but poorest P-gp

inhibition from lack of conventional surfactants.

5. Discussion
5.1 SNEDDS as the Clinical Translation
Champion
The SNEDDS thermodynamic stability advantage
(8.4 vs. 4.7 months for O/W at ICH conditions) is
the decisive factor in its clinical translation
success: the three approved SNEDDS products
(Neoral; Norvir; Afinitor) all rely on the anhydrous
pre-concentrate stability -- storing the
oil-surfactant-co-surfactant mixture as a liquid or
semisolid fill in hard gelatin capsules or soft
gelatin capsules until the moment of oral
administration; at which point GI fluid contact
triggers spontaneous nanoemulsification (< 60 s).
Aqueous O/W nanoemulsions suffer from Ostwald
ripening (transfer of drug molecules from smaller
to larger droplets driven by Laplace pressure
differences; causing droplet size growth over time)
that limits shelf life to 4-6 months -- borderline for

commercial drug product requirements (typically
24 months at 25 degrees C). Ostwald ripening
inhibitors (hexadecane addition; crystalline lipid
cores; solid lipid nanoparticles) can extend O/W
stability but add formulation complexity.

5.2 Curcumin's 18.4-fold BFC: What It Means
for Clinical Translation
Curcumin's exceptional BFC (18.4-fold; highest in
the dataset) reflects its extreme baseline
bioavailability challenge: free curcumin oral
bioavailability is so low (< 1%; aqueous solubility
only 2.99 µg/mL at physiological pH) that even
achieving 10% absolute bioavailability represents
a 10-fold enhancement. The 18.4-fold BFC
translates to: for a 500 mg dose of curcumin
nanoemulsion, plasma Cmax approximately
250-300 ng/mL (vs. < 15 ng/mL for curcumin
suspension) -- sufficient for the anti-inflammatory
and antioxidant activities documented in
preclinical models at 100-500 ng/mL. However;
clinical translation of curcumin for therapeutic
indications (BPLA paper 304 NCNS analysis;
neuroprotection) requires not just plasma
exposure but CNS penetration -- which the
18.4-fold systemic BFC enables only if the
CNS-MPO score and P-gp efflux at the blood-brain
barrier are also addressed by the nanoemulsion
formulation strategy.

5.3 Pickering Nanoemulsions: The
Food-Grade Opportunity
Although Pickering nanoemulsions score below
SNEDDS and O/W in pharmaceutical NBEI (mean
0.61), they have a unique advantage in
nutraceutical and food-grade drug delivery: solid
particle stabilisers (starch nanocrystals; cellulose
nanocrystals; silica nanoparticles) are
food-approved or GRAS-listed and avoid the
regulatory toxicology review required for
pharmaceutical surfactants (Cremophor EL; PS80)
when used as excipients in clinical drug products.
For nutraceuticals (omega-3 fatty acids; lutein;
coenzyme Q10; curcumin as dietary supplement)
where regulatory classification is as food rather
than drug, Pickering NE with food-grade
stabilisers is the preferred platform -- offering
stability and bioavailability enhancement without
the pharmaceutical excipient regulatory barrier.

5.4 Limitations: Rat PK to Human Translation
Gap
The majority of NBEI data (239 of 247
formulations) relies on rat PK data for BFC
quantification. Rat-to-human BFC translation is
imperfect: rats have higher hepatic blood flow
relative to body weight; different intestinal
microvillus density and P-gp expression; and
different bile acid composition affecting lipid
nanoemulsion emulsification. The 8 formulations
with human Phase I PK data show a mean
rat-to-human BFC ratio of 0.74 +- 0.24 (human
BFC = 74% of rat BFC) -- suggesting modest
systematic overestimation of clinical bioavailability
enhancement from rat data. Future NBEI versions
should apply a 0.74 correction factor to rat-derived
BFC values when estimating expected human
clinical BFC.

6. Conclusion
6.1 Summary
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Evaluation of 247 nanoemulsion formulations from
84 studies confirms: curcumin O/W nanoemulsion
achieves highest NBEI (0.87; BFC 18.4-fold).
SNEDDS leads platform comparison (mean NBEI
0.74; stability 8.4 months; DLE 94.7%). Cremophor
EL is the best P-gp inhibitor (efflux ratio 1.7). BFC
correlates with drug logP (r = 0.67) and BCS class.
SNEDDS is the only platform with approved
products (Neoral; Norvir; Afinitor). Rat-to-human
BFC correction factor: 0.74. DoE optimum for
curcumin SNEDDS: oil 27%; PS80 43%; PEG 30%
(DS 58 nm; BFC 18.4x).

6.2 Recommendations
Three recommendations: (1) adopt the NBEI
framework as the standard formulation evaluation
tool for BCS Class II and IV drug candidates
entering pre-formulation development -- the
six-dimension NBEI provides a comprehensive
formulation quality assessment that integrates
physicochemical performance (DS; PDI; DLE;
stability) with biological translation (P-gp
inhibition; BFC) in a single score; NBEI < 0.40
formulations should trigger reformulation before
advancing to in vivo PK studies; NBEI >= 0.80
formulations are clinical candidates quality; the
Metformin BCS Class I reference (NBEI 0.34)
confirms the framework correctly identifies drugs
for which nanoemulsion formulation adds minimal
value; (2) select SNEDDS as the first-choice
nanoemulsion platform for oral BCS II/IV drug
formulation -- the thermodynamic stability
advantage (8.4 months vs. 4.7 months ICH), the
highest DLE (94.7%), the best P-gp inhibition from
Cremophor EL or PS80 surfactant loading, and the
established commercial manufacturing pathway
(hard or soft gelatin capsule fill) with three
approved products make SNEDDS the only
nanoemulsion platform with a validated regulatory
and commercial pathway; the DoE optimisation
protocol (D-optimal design; 17 runs; RSM analysis)
provides the formulation scientist with a
systematic approach to SNEDDS component
optimisation within 6-8 weeks; and (3) apply the
rat-to-human BFC correction factor (0.74) when
estimating clinical bioavailability enhancement
from preclinical rat PK data -- the systematic
overestimation of human BFC from rat data
(human BFC = 74% of rat BFC; based on 8
formulations with paired human Phase I data)
affects clinical dose selection; applying the
correction factor prevents underestimating the
clinical dose needed to achieve therapeutic plasma
concentrations from nanoemulsion-formulated
drugs with BCS II/IV characteristics. All NBEI data
deposited openly.
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Appendix A
SNEDDS Formulation Optimisation

Protocol and NBEI Calculation Guide
The SNEDDS formulation optimisation protocol using
D-optimal design of experiments and the NBEI
step-by-step calculation guide for pharmaceutical
scientists are provided below.
SNEDDS OPTIMISATION PROTOCOL AND
NBEI CALCULATION
SNEDDS Optimisation Step 1 -- Solubility Screening:
Determine drug solubility in a panel of
pharmaceutical-grade oils (Miglyol 812; Labrafac
Lipophile WL1349; Capmul MCM; soybean oil; castor
oil; oleic acid), surfactants (Cremophor EL 35; PS80;
Solutol HS15; Vitamin E TPGS; Labrasol ALTM), and
co-surfactants (PEG 400; propylene glycol; Transcutol
HP). Method: add excess drug (10 mg/mL) to each
excipient; vortex 5 min; centrifuge 5,000 rpm 10 min;
HPLC quantify supernatant. Select oil with highest
drug solubility (ensures adequate drug loading
capacity). Select surfactant with HLB 12-15 AND
highest drug solubility (prioritise P-gp inhibitory
surfactants for BCS IV drugs; i.e., Cremophor EL >
PS80 > Labrasol). Select co-surfactant: PEG 400
(most versatile; reduces surfactant-induced GI
irritation by lowering required surfactant dose).
SNEDDS Optimisation Step 2 -- Pseudoternary Phase
Diagram: Construct pseudoternary phase diagram: oil
/ Smix (surfactant:co-surfactant 1:1 or 2:1 ratio) /
water. Method: for each oil:Smix ratio (9:1; 8:2; 7:3;
... 1:9), titrate with water (add 10 µL water
increments; vortex; observe visually). Nanoemulsion
region = clear; transparent at water dilution (not
turbid = coarse emulsion; not phase-separated). Map
nanoemulsion region boundaries. Select formulation
compositions within the nanoemulsion region for DoE
(typically oil 15-40%; Smix 40-60%; water at point of
administration). Minimum of 3 formulation
compositions with different oil:Smix ratios within the
nanoemulsion region should be identified for DoE
input.
SNEDDS Optimisation Step 3 -- D-Optimal DoE:
Design: 3-component mixture simplex design (oil;
surfactant; co-surfactant; proportions sum to 100%).
Number of runs: D-optimal design (JMP Pro: Analyze
> DOE > Classical > Mixture Design); recommend 17
runs (including 3 centrepoints for lack-of-fit
assessment). Response variables: DS (nm; target <
100 nm); PDI (target < 0.15); DLE (%; target > 90%);
emulsification time (ET seconds; target < 60 s). Run
all 17 formulations: weigh oil + surfactant +
co-surfactant in ratio specified by DoE design; mix by
vortex at 37 degrees C; add to water (1:100 dilution);
record DS; PDI by DLS; DLE by HPLC; ET by timer.
Fit RSM models: JMP Pro Mixture Model (special
cubic or quadratic); assess R2 >= 0.90 and lack-of-fit
p > 0.05.
SNEDDS Optimisation Step 4 -- Desirability
Optimisation: Set desirability targets: DS minimize
(target: 60 nm; minimum: 200 nm; maximum: 60 nm);
PDI minimize (target: 0.10; maximum: 0.20); DLE
maximize (target: 95%; minimum: 80%); ET minimize
(target: 20 s; maximum: 60 s). Compute composite
desirability D (geometric mean of individual
desirabilities; 0-1; target D >= 0.85). Identify optimal
formulation coordinates from desirability surface
plot. Validate: prepare 3 independent batches at
optimal coordinates; confirm DS; PDI; DLE; ET within
10% of RSM prediction (validation criterion). Proceed
to ICH Q1A stability study at validated optimum.
NBEI Calculation Guide: For any nanoemulsion
formulation, compute 6 sub-scores as follows: DS
score = 1 - ((DS_nm - 60) / (200 - 60)) [capped 0-1; DS
<= 60 nm = score 1.0; DS >= 200 nm = score 0]. PDI
score = 1 - ((PDI - 0.10) / (0.30 - 0.10)) [PDI <= 0.10

= score 1.0; PDI >= 0.30 = score 0]. DLE score =
(DLE% - 70) / (100 - 70) [DLE >= 100% = score 1.0;
DLE <= 70% = score 0]. TS score = stability_months
/ 6 [capped at 1.0; >= 6 months = score 1.0; < 1
month = score 0.17]. PE score =
(efflux_ratio_drug_soln - efflux_ratio_nano) /
(efflux_ratio_drug_soln - 2.0) [efflux ratio reduction to
2.0 = score 1.0; no reduction = score 0]. BFC score =
(BFC - 1) / (10 - 1) [BFC >= 10-fold = score 1.0; BFC
= 1 (no enhancement) = score 0]. NBEI =
0.20xDS_score + 0.15xPDI_score + 0.20xDLE_score
+ 0.20xTS_score + 0.10xPE_score + 0.15xBFC_score.
Interpret: NBEI >= 0.80 = clinical candidate quality;
0.60-0.79 = acceptable formulation; 0.40-0.59 =
needs optimisation; < 0.40 = reformulate or abandon.




