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Abstract

Purpose—To mechanistically study and model the effect of lipids, either from food or self-
emulsifying drug delivery systems (SEDDS), on drug transport in the intestinal lumen.

Methods—Simultaneous lipid digestion, dissolution/release, and drug partitioning were
experimentally studied and modeled for two dosing scenarios: solid drug with a food-associated
lipid (soybean oil) and drug solubilized in a model SEDDS (soybean oil and Tween 80 at 1:1
ratio). Rate constants for digestion, permeability of emulsion droplets, and partition coefficients in
micellar and oil phases were measured, and used to numerically solve the developed model.

Results—Strong influence of lipid digestion on drug release from SEDDS and solid drug
dissolution into food-associated lipid emulsion were observed and predicted by the developed
model. 90 minutes after introduction of SEDDS, there was 9% and 70% drug release in the
absence and presence of digestion, respectively. However, overall drug dissolution in the presence
of food-associated lipids occurred over a longer period than without digestion.

Conclusion—A systems-based mechanistic model incorporating simultaneous dynamic
processes occurring upon dosing of drug with lipids enabled prediction of aqueous drug
concentration profile. This model, once incorporated with a pharmacokinetic model considering
processes of drug absorption and drug lymphatic transport in the presence of lipids, could be
highly useful for quantitative prediction of impact of lipids on bioavailability of drugs.

1. Introduction

Ingested lipids, either originating from food or used as delivery agents, can have significant
effects on dissolution, solubility, transport, and bioavailability of orally delivered
compounds. The influence of ingested lipids on compound absorption originates from
several mechanisms. Colloidal structures formed during lipid digestion, and compound
trafficking between these structures and aqueous medium, impact solubility and dissolution.
The presence of lipids in the gastrointestinal (GI) tract increases transit time, and can also
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facilitate the transport of lipophilic compounds via the lymphatic pathway, enabling
avoidance of first-pass metabolism (1). However, these effects are typically documented as
empirical, compound-specific observations and not predictable (2, 3). Processes involved in
enhancement of overall drug absorption by lipids: lipid digestion, drug dissolution/release,
drug partitioning, and drug absorption, have frequently been studied in isolation and on
disparate systems. Therefore, despite numerous studies about fat-rich food/drug interactions
and lipid-based delivery systems, there is still an incomplete understanding — and thus a lack
of general mechanistic modeling - of the influence of ingested lipids on in vivo oral
bioavailability. The interconnected, dynamic processes that occur simultaneously during
lipid digestion, and their dependence on dynamic system colloidal structure and
composition, must be studied in a comprehensive, integrated fashion to enable quantitative
prediction. Quantitative prediction of the impact of lipids on oral absorption would facilitate
design of oral drug delivery systems and realization of the tremendous potential of lipids to
impact bioavailability.

The goal of this study is to investigate quantitatively and model mathematically the
influence of lipids originating either from i) food or ii) lipid based self-emulsifying drug
delivery systems (SEDDS) on drug dissolution or drug release, respectively, in the presence
of simultaneous digestion. Experimental studies were conducted in an in vitro simulated
intestinal environment incorporating simulated intestinal fluids. The main differences
between the cases of dosing food-associated lipids and SEDDS reflected in our experimental
systems and models were: 1. the form of drug dosed (solid drug co-dosed with soybean oil
as a model lipid, vs. drug dissolved in an oil/surfactant mixture as a model SEDDS
formulation); 2. ratio of lipid to intestinal fluid volumes; 3. the simulated intestinal fluid
composition (reflecting fed and fasted states, respectively). The extent of the lipid digestion
was monitored experimentally by basic titration technique. Kinetics of drug dissolution/
release and partitioning among colloidal phases (oil, micellar, aqueous) were analyzed by
high performance liquid chromatography (HPLC) and electron paramagnetic resonance
(EPR), respectively.

EPR (also called electron spin resonance, or ESR) is a non-invasive technique that makes it
possible to detect and quantify paramagnetic molecules such as organic radicals. Because
many systems of interest are not paramagnetic, a common approach is the spin labeling or
spin probe technique, in which a stable radical such as a nitroxide is introduced into the
system to act as a reporter on the local environment. This method has been widely employed
in the study of condensed phases, membranes, and biopolymers (4-6), although its
application in drug delivery studies has been hitherto rather limited (7). In the present
application, spin probes are used to monitor the microenvironment in different phases, e.g.,
colloidal particles such as emulsion droplets and micelles, compared to aqueous media.
Since EPR spectra are highly sensitive to changes in local polarity and viscosity, the spin
probes in different phases can be resolved and quantified so that the partitioning and
translocation of probes between different phases can be monitored and quantified in real-
time. In this study, the spin probe TEMPOL benzoate (TB) was selected as a model for
poorly water-soluble moderately lipophilic drug with an octanol/water partition coefficient
(log P) of 2.46 (7).
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Based on these quantitative analyses, we developed systems-based models that predict the
rate at which drug enters the aqueous intestinal environment, after dosing either in solid
form with food-associated lipids, or incorporated into a SEDDS formulation. These models
include mathematical expressions that describe key parallel kinetic processes occurring in
the Gl tract upon co-dosing of a compound with lipids. The processes considered include
compound dissolution (if solid drug is dosed), compound release (if dosed in SEDDS), lipid
digestion, and compound partitioning into colloidal phases (Figure 1). In modeling both
drug dissolution in the presence of food-associated lipids and drug release from SEDDS, the
influence of colloids interacting with the drug on drug transport rates was explicitly taken
into account. The ability of the models to predict the rate at which the drug enters the
aqueous intestinal environment in the presence of the lipid digestion process was evaluated.
Ultimately, the absorption process can be incorporated into these models to enable
quantitative prediction of the impact of ingested lipids on oral compound absorption and
bioavailability.

2. Materials and Methods

2.1 Materials

Trizma® maleate, sodium chloride (NaCl), calcium chloride didydrate CaCl,*2H-0,
sodium azide (NaN3), sodium hydroxide (NaOH), sodium taurodeoxycholate (NaTDC or
BS, cat. # T0875), L-alpha-phosphatidylcholine from egg yolk (PC), Type XVI-E (cat. #
P3556), soybean oil, Tween 80, porcine pancreas lipases (cat. # L3126), 4-
bromobenzeneboronic acid, and the model drug TB (cat # 371343) were purchased from
Sigma-Aldrich Co., St. Louis, MO, USA. Polytetrafluoroethylene (PTFE) filters, nylon
syringe filters as well as HPLC grade solvents utilized as mobile phases, methanol, water
and trifluoroacetic acid (TFA), were purchased from Fisher Scientific, Pittsburgh, PA.

2.2 Preparation of the bio-relevant media

Simulated intestinal fluid compositions used in this study were similar to ones proposed
earlier (8, 9), but modified slightly with respect to model bile component concentrations, salt
concentrations, and pH considering physiological conditions for both fasted (10) and fed
state systems (11) (Table I). The bio-relevant medium simulating the intestinal fasted state
contained maleate buffer that consisted of 100 mM Trizma® maleate, 65 mM NaCl, 5 mM
or 10 mM (fasted or fed) CaCl,*2H,0, and 3 mM NaNj3 at pH 6.5. 5 mM NaTDC/1.25 mM
PC and 12 mM NaTDC/4 mM PC were used in order to mimic fasted and fed state
conditions, respectively. Model bile components were mixed with maleate buffer on a
stirring plate at 37°C. In order to simulate SEDDS oral dosing in fasted state conditions,
SEDDS formulation composed of soybean oil and Tween 80 at 1:1 weight ratio was added
to fasted state simulated intestinal fluid at 1:100 volume ratio. To simulate the food-
associated lipid intake, soybean oil was added to fed state simulated intestinal fluid at a final
concentration of 50 mM in order to form a crude emulsion. Emulsification of soybean oil
into fed state medium and formulation into fasted state medium was achieved by means of
continuous magnetic stirring at 300 rpm and was verified by DLS (Brookhaven 90 Plus)
measurements performed immediately upon sampling, before separation of phases might
have occurred.
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2.3 Solubility measurements

Studies pertaining to in vitro drug dissolution, drug release and lipid digestion were
performed with a model compound, the spin probe TB, in order to enable use of EPR to
validate model simulations (in case of SEDDS) and to calculate partition coefficients (in
case of food-associated lipid). The equilibrium solubility of the model drug TB was
measured by adding excess amount of compound dissolved into water (used as a control),
maleate buffer at pH 6.5, fasted and fed state bio-relevant media, SEDDS formulation, and
soybean oil according to the shake-flask method. Samples were stirred at 37°C, 300 rpm for
72 hours on a hot stirring plate, and sampled every 24 hours (or until equilibrium solubility
was attained). For determining aqueous solubility of TB in the presence of Tween 80
associated micelles (originating from SEDDS formulation), formulation was dispersed in
fasted state bio-relevant medium at 1:100 dilution together with excess TB and stirred at
37°C, 300 rpm for 72 hours, and samples collected every 24 hours were filtered through 0.1
um polytetrafluoroethylene (PTFE) syringe filters to remove emulsion droplets. The absence
of emulsion droplets in the filtrate was validated by dynamic light scattering measurements.
Samples of aqueous solutions were centrifuged at 1700 g and 37°C for 30 minutes, while the
oil and formulation samples were centrifuged at 16100 g for 30 minutes. The supernatant
was filtered through 0.45 um nylon syringe filters, and properly diluted in isopropanol/
methanol 2:1 (v/v) prior to measuring drug concentration by means of HPLC. Experiments
were conducted in triplicate for each dissolving medium and standard error was calculated.

2.4 Drug dissolution

In dissolution experiments, relevant to the case of dosing drug as a solid together with food-
associated lipids (Figure 1a), the solid model drug TB was added to a stirred beaker
(0.003618 mmol/ml) containing the dissolving medium (maleate buffer at pH 6.5, or fed
state bio-relevant medium with and without soybean oil) at 37°C and 250 rpm. Experiments
in fed state bio-relevant medium with soybean oil were conducted in the presence of
pancreatin extract, containing lipases, in order to assess the impact of the lipid digestion
process on drug dissolution. Samples were withdrawn from the dissolution beaker at defined
time intervals over a period of 3 hours. Dissolution only samples were filtered through 0.45
um nylon syringe filters to remove undissolved drug; simultaneous dissolution and digestion
samples were centrifuged at 1700 g and 37°C for 10 minutes instead of filtered to remove
undissolved drug and not oil emulsions (12). All samples were analyzed via HPLC in order
to determine the drug concentration in solution. Experiments were conducted in triplicate for
each dissolving medium and standard error was calculated.

2.5 Drug release

Drug release from SEDDS formulations (Figure 1b) was tested in a stirred beaker at 37°C
and 180 rpm in the absence and presence of pancreatin extract. In the absence of digestion,
400 pl of formulation including 50 mg/ml TB was added into 40 ml fasted state bio-relevant
media. Over time, 2 ml samples were taken from the beaker and filtered through 0.1 pm
polytetrafluoroethylene (PTFE) syringe filters to separate aqueous solution containing
micelles from formulation emulsion droplets. Filtered solution was analyzed using HPLC
for TB content. Standard error was calculated using two independent measurements. In
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separate experiments in the presence of digestion, 200 pl formulation including 7 mg/ml TB
was added into 200 ml fasted state solution. 1 ml samples were taken from the beaker,
digestion process was terminated by the addition of enzyme inhibitor, 4-BPB (4-
bromophenacyl bromide), and samples were directly analyzed using EPR as described in
Section 2.11.

2.6 Quantification of TB from solubility, dissolution, and release experiments using HPLC

The concentrations of the model drug TB in samples collected during solubility, dissolution,
and release experiments were determined using HPLC with a photodiode detector
(Shimadzu, Japan), and a wavelength of 232 nm. The analytical column used was Agilent
Zorbax RX-C18 4.6 x 75 mm, 3.5 um. The column temperature was maintained at 40°C,
and the flow rate was 1 mL/min. The mobile phase contained distilled water with 0.15%
TFA: methanol (70:10 to 10:70 over 16 min).

2.7 Digestion kinetics

For in vitro digestion of soybean oil, soybean oil (50 mM) was added into the fed state bio-
relevant medium at 37°C, 250 rpm, and solution was equilibrated for 20 minutes prior to the
addition of the model drug TB and the lipase enzyme. The lipid digestion and the dissolution
processes were then commenced at the same time. In vitro lipolysis of SEDDS formulations
(Figure 1b) was performed by addition of 180 ul SEDDS formulation into 18 ml fasted state
simulated intestinal fluid (1:100 dilution ratio), prepared as described in Section 2.2, at 37°C
and 250 rpm.

In all in vitro lipolysis experiments, the enzymatic hydrolysis of lipids was initiated by
adding 2 ml pancreatin extract into the simulated intestinal fluids containing the lipid
substrates (soybean oil or SEDDS formulation) (13). Pancreatin extract was prepared fresh
for every in vitro lipolysis experiment following the procedure described by Sek et al. (13)
Briefly, 2 g of porcine pancreatin powder were dissolved in 10 ml of maleate buffer
(composition in Table I) and magnetically stirred for 15 minutes at room temperature. The
solution was centrifuged at 1600g for 15 minutes at 5°C; the supernatant was collected and
stored at 4°C until use. Measured enzyme activity of pancreatic lipase prepared in this
manner from this supplier was similar to human pancreatic lipase activity in vivo (14). The
change in pH was constantly monitored with a pH meter (Seven Multi pH meter, Mettler
Toledo, Columbus, OH), and fatty acids produced due to the lipolysis reaction were titrated
manually with 0.2 mM NaOH using a digital titration unit (VWR international, Plainfield,
NJ). Fatty acid production was then calculated by measuring the total volume of NaOH
added to maintain the pH at 6.5 during lipolysis. Digestion rate was related to the droplet
surface area available to the enzyme, as explained in Section 2.8.1. Digestion rate constants
were estimated via nonlinear regression fitting in MATLAB® using Equation 4.

2.8 Model development

Kinetic expressions describing the rate of drug entering the aqueous environment after
dosing either a drug-loaded SEDDS or a solid drug co-administered with food lipids were
developed considering major kinetic processes that occur simultaneously in vivo (Figure 1):
formulation or lipid digestion, solid drug dissolution, drug release from formulation (i.e.
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SEDDS) emulsion droplets or drug uptake into food lipid emulsion droplets, and drug
partitioning into micelles. Formulation or food-associated lipid was assumed to enter
directly to small intestine upon oral administration.

2.8.1 Digestion—Digestion rate was expressed using a modification of equation recently
proposed by Li et al. relating the rate of FA production to the droplet surface area available
to the enzyme, assuming that the droplet size of oil-in-water emulsions decreases as
digestion proceeds, and as fatty acids, products of digestion of oil and surfactant, leave oil
droplets (15). In many cases, only a fraction of the total digestible FA present initially in the
oil droplets is released because the lipolysis reaction is inhibited by FA formation in vitro
(16). In order to take this into account, we modified the expression proposed by Li et al. to
include inhibition proportional to the concentration of FA:

ac,, . A
FAag_p em =kinhCraag (1)

p
dt Vg

where Cpp aq is the concentration of FA produced during the lipid digestion and released in
the aqueous phase, kyig is the digestion rate constant, Agm is the total oil droplet surface area
per total solution volume, Vyq is the total solution volume (oil emulsions and agueous
phase), and k;jn is the inhibition rate constant.

It is assumed that during digestion, oil droplets will shrink in size over time due to
enzymatic reaction and this change in particle diameter, D(t) can be related to the fraction of
fatty acids released from the droplets due to digestion. Hence, time dependent total surface
area of the emulsion droplets, Aam(t), is

Mpao

2
—_C v,
Aen(t)=NT (DO i/m”’o Ll q) ®
where, N is the number of oil droplets present, mga em is the moles of digestible fatty acids
remaining in the emulsion droplet, mga g is the initial moles of digestible fatty acids in the
droplet, and Dg is the initial droplet diameter of emulsion droplets.

2.8.2 Solid drug dissolution—The dissolution kinetics was expressed according to a
static layer model that takes into account the contribution of colloidal particles to the drug
transport rate, derived by Higuchi (17). Assuming the presence of a single species of free
colloid (micelles), no net changes in colloid number, and that solute/colloid interactions
occur rapidly enough relative to other processes to be considered at equilibrium, the rate of
drug dissolution in the aqueous phase (water and micelles) is:

dC S

D,aq __

dt Vu: h [ Ds (C;q’w“t” —Cp ‘r’”at”) +Dm (ng,micelles —Cn‘micellm') ] 3

where Cp 4 is the drug concentration in the aqueous phase (mg/ml), S, is the surface area of
N dissolving drug particles (cm?), hiis the stationary diffusion layer around a dissolving
particle (cm), Vqq is the solution total volume (ml), D is the drug diffusion coefficient in
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water (cm?2/s), C®p water i the drug solubility in water (mg/ml), Cp water is the free drug
concentration in the total solution volume (mg/ml), D, is the micelle diffusion coefficient in
water (cm?/s), C¥p micale is the drug solubility in micelles (mg/ml), and Cp micelles IS the
drug concentration in micelles (mg/ml), where concentrations of drug in micelles are
expressed as mass of drug in micelles per total volume of solution, at the concentration of
micelles present in the solution. If the dissolving drug particles are assumed to be mono-
dispersed and uniform spheres with an initial radius rq, and the total number of particles N
does not vary with time, then the time-dependent expression for S, can be written as:

1/3 2/3
sp=73M°/ il (4)

PTo
where Mg is the initial mass of drug dosed (mg), Mg is the mass of undissolved drug (mg),
and p is the drug density (mg/cm?) (18). Equilibrium solubility terms were determined
experimentally by means of HPLC, as described in Section 2.3. The quantities Cp yater and
Cb micelles Were calculated from the total measured drug in the aqueous phase (buffer and
micelles) according to the partition coefficient Py, (See Section 2.8.4 for definition of
partition coefficients). Diffusion coefficients for compounds and colloidal particles were
calculated according to the Wilke-Chang and the Stokes-Einstein equations, respectively
(Section 2.9).

Equation 3 was used to model solid drug dissolution data from experiments performed in
bio-relevant media without lipids or lipid digestion. In experiments performed in the
presence of a lipid substrate, oil droplets (soybean oil) are detected by DLS to be bigger than
micelles (200 nm versus 5 nm), and consequently to have a calculated diffusion coefficient
of 1.64*10712 m?/s (according to the Stoke-Einstein equation, section 2.9) and an estimated
diffusion time t through h (t =h2/D) of ~ 4 minutes, compared to ~ 6 seconds for micelles.
Therefore, oil droplet contribution to the drug transport rate within the static diffusion layer
h was neglected. However, some dissolved compound at each time t does transfer into the
oil phase. Compound partitioning into oil droplets was considered using an interfacial
barrier-limited model (19), rather than a diffusion-driven process as described by Equation
3. The rate (mg/cm?) of drug partitioning into the oil phase was expressed as:

dCD,e'rn AemPrel !

where Agn, is the surface area of N oil droplets (cm?), P, is the permeability (cm/s), Vem is
the total oil volume dispersed in the aqueous solution, Cp a4 is the drug concentration
(mg/ml) in the aqueous medium Vg (buffer and micelles), and Cp oq is the hypothetical
aqueous drug concentration (mg/ml) in equilibrium with the drug concentration inside oil
droplets Cp em (Mg/ml). Calculation of C a4 as a function of the drug partition coefficient
between the aqueous phase and the oil phase, Kagem, is explained in Section 2.8.4. Prg Was
experimentally determined by means of EPR during drug partitioning experiments in the
absence of lipolysis (Section 2.11).
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In experiments combining dissolution of the solid drug compound and in vitro lipolysis
processes, specific parameters in the above expressions are expected to change, reflecting
the dynamic nature of the digestion system. A, is expected to decrease over time according
to Equation 2, taking into account lipolysis kinetics (15) (Section 2.8.1). Furthermore, as the
lipase enzyme digests the lipids, micelles are expected to evolve into new colloidal
structures due to the interaction with lipid digestion products FA and monoglycerides (MG)
liberated in solution. The dynamic evolution of colloidal structures affects their
solubilization power C®p icalle in Equation 3 expressed as the quantity of dissolved drug
associated with micelles per bulk volume. Therefore, the colloid solubilization power was
affected by the extent of digestion and was no longer a constant during the dissolution
process. The time-dependent colloid solubilization power, C¥p pjcale, Was thus expressed
as a function of the digestion kinetics as explained in detail in Section 2.8.4.

Combining the two kinetic expressions (Equations 3 and 5) describing the drug dissolution
rate in the aqueous phase Cp aq, and the concurrent lipid digestion, the main equations
utilized to describe FA and dissolved drug concentration profiles, respectively, are Equation

1 and:
%:‘}z}h {Ds (Cg?wa,f,._CD,water) +Dn, (C;?miccllcs_CD,miccllcs>] _Ae‘nz:ml ( Diag IDA(Lq

2.8.3 Drug release from SEDDS formulation emulsions—In the case of dosing a
lipid-based drug delivery system (SEDDS), drug is delivered already solubilized in emulsion
droplets, and thus a process that occurs in parallel to formulation digestion is the drug
release from inside of oil droplets to the surrounding aqueous media. Drug release was
described using a kinetic expression developed by Higuchi et al. (19) considering interfacial
resistance at the oil-water interface as a limiting barrier to compound transport, which is the
same as Equation 5 used in Section 2.8.2.

However, along with the concentration gradient driven transport of compounds from inside
the oil droplets into the aqueous media, there will be a compound transport from oil droplets
into the aqueous media due to detachment of oil digestion products from the surface of the
droplets. In order to account for compound transport due to digestion, drug release
expression was modified to give:

!/

A 1
c, -C kgig—=_V, C
( D,aq D,uq) + dig ‘/aq n molar,em™“ p em (7)

dCD,aq —_ Aem -P'rel

dt Vg

where n is the moles of fatty acid produced per mole of formulation and Vg em is
averaged molar volume of the formulation content. C'p aq is expressed as a function of
Cp,emand a partition coefficient, K, as described below in Section 2.8.4. Cp o is calculated
using mass balance. P, is calculated experimentally by means of drug release experiments
in the absence of digestive enzyme. kg is measured experimentally by in vitro lipolysis
analysis, and time dependent change in emulsion droplet surface area, Aam, is calculated for
each time point using Equations 2. Combining the two kinetic processes, digestion and
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release, the main equations used to describe aqueous fatty acid and drug concentration
profiles, respectively, are Equations 2 and 7.

2.8.4 Definition of partition coefficient, K—C% 4q, hypothetical aqueous
concentration of the solute in equilibrium with compound concentration inside emulsion
droplet, is defined by the formulation/oil-aqueous phase partition coefficient, Kenyag, as:

cee cet C
K / _ D,em __ D,em __ D,em (8)
em/aq— ~eq — ~eq eq — A7
CD‘a,q CD,waterKm/w+CD7wa.ter CD,a,q

where C®p o is the equilibrium solubility concentration of drug in oil emulsions based on
emulsion volume, C¥Ip 4 is the equilibrium solubility concentration of drug in the aqueous
phase based on the aqueous volume and Ky, is micelle-water partition coefficient. Using

Equation 8, hypothetical drug concentration in aqueous phase (C';,aq) can be calculated
using values for Kenyaq and time dependent drug concentration inside emulsion droplets,
Cp,em During digestion, we assume that digestion products that leave oil droplets
incorporate into micelles, and as a result, the solubilization capacity of aqueous phase,
C®™p aq increases and therefore Kenyaq changes over time.

In order to calculate Kenyaq OVer time during digestion, a constant term, molar solubilization
capacity of micelles, y, was introduced and water partition coefficient, Ky, was expressed
as a function of amount of total surfactant that is incorporated into micelles (both
endogenous and due to digestion), Cg,. Molar solubilization capacity of micelles, yis
defined as (20):

cer _cea
D,aq D ,water

X=——_— (9
Courf—cme ©

where cmc is the critical micelle concentration and Cg is the time dependent molar
concentration of total surfactant (bile salt, phospholipid, fatty acids) at a given point in time.
We assume that as digestion products partition into bile salt/phospholipid (BS/PL) micelles,
micelle composition changes, while the number of micelles remains constant. Total
surfactant concentration, Cq,, is expressed as:

Courf=Crs+Cp+CrpnsoTCra g (10)

where Cpggis bile salt concentration, Cpy is phospholipid concentration, and Cryeengo IS
amount of formulation component Tween 80 in aqueous phase (as opposed to formulation
emulsions). Using Equation 11, micelle water partition coefficient, K.y, IS expressed as a
function of the amount of surfactant that is associated with micelles and y:

€q eq __(eq
K _ D,micelle __ CD,aq CD,water _ X (Csurf_ cmc)
miw=ged T o == (¢
D, water D, water D, water

where C®p ricale is the equilibrium solubility of drug in micelles based on the total aqueous
volume and C®p \yater is the equilibrium solubility of the drug in the water phase. Micelle

Pharm Res. Author manuscript; available in PMC 2015 January 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Buyukozturk et al. Page 10

molar solubilization capacity, y, is a constant and can be experimentally determined, as well
as the drug solubility at equilibrium, C®p \yater. Critical micelle concentration, cmc, is also a
constant (21).

2.9 Estimation of the diffusion coefficients

Drug diffusion coefficient of TB, Dp, was estimated using Wilke-Chang equation (22):

D,,=74 x 105 YY1y
AB— "

—T
—0.6 (12)
Ne VA

where Dag is the diffusivity of compound A in solvent B (cm?/s), g is the constant that
accounts for solvent/solvent interactions (2.6 for water), T is temperature (K), 7g is the
viscosity of solvent B (cP), MW is molecular weight of solvent B (g/mol), and V4 is the
molar volume of compound A. According to Equation 12, the diffusion coefficient of TB,
Dp, was 8.3743*107% cm?/s.

Diffusion coefficient of mixed micelles, Dy, was estimated using the Stokes-Einstein
equation (23):

kT

:67”737“/4

(13)

AB

where Dag is the diffusivity of compound A in solvent B (cm?/s), k is the Boltzman constant
(1.3806x10723 m? kg s~2 K1), T is temperature (K), 7 is the viscosity of solvent B (Pa*s),
and rp is the hydrodynamic radius of the particle (m). According to Equation 13, the
diffusion coefficient of micelles, Dy, was 6.5578*10711 cm?/s. In both diffusivity
estimations, the viscosity of the solvent 7 was assumed to be equal to the water value at
37°C (0.00069244 Pa*s, or 0.69244 cP) and the temperature was fixed at the physiological
value of 310°K.

2.10 Numerical solutions of the model differential equations

Differential equations pertaining to the developed mathematical model were solved using a
built-in ordinary differential equation solver, ODE45, in MATLAB® by means of the
Runge-Kutta numerical solution technique. Concentrations of the drug in the aqueous phase,
of the drug inside formulation emulsions, and of the fatty acid produced via digestion in the
aqueous phase were computed over time.

2.11 Electron Paramagnetic Resonance (EPR) measurements

In an effort to measure TB transport from aqueous solution into food lipids, EPR
measurements of samples containing soybean oil in pre-lipolysis conditions (i.e. without
lipase) were performed. Based on quantitative information obtained by EPR measurements
for drug concentration in each phase (oil, micelle, aqueous), partition coefficients used in
simulations of the impact of ingested food lipids (Section 2.8.4) were estimated. In addition,
the applicability of the interfacial barrier-limited model to describe compound partitioning
into oil droplets was validated. TB was dissolved in the bio-relevant medium before the
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addition of 50 mM soybean oil, after which samples were collected at different time points
(up to 3 hours) and analyzed by EPR in order to follow drug partitioning between phases
(aqueous and oil).

In order to measure drug release from SEDDS emulsion droplets into aqueous solution
during digestion, EPR measurements were performed on samples collected at different time
points (0, 5, 20, 50 minutes) during in vitro digestion experiments as explained in Section
2.7. Quantitative information obtained by EPR measurements for drug concentration in each
phase during digestion (emulsion, micelle, and aqueous) was used as a means of model
simulation validation for drug release from SEDDS during digestion.

Samples collected during experiments were analyzed immediately by EPR spectroscopy
(9.1-9.9 GHz, X-Band; Bruker EMX) in an effort to perform real time quantitative non-
invasive tracking of drug between emulsion droplets, aqueous and colloidal phases (micelles
and vesicles). The parameters used during EPR measurements were as follows: microwave
bridge frequency: 9.38 GHz, modulation frequency: 100kHz; microwave power: 1 m\W;
sweep width: 70 G, sweep time: 83.89 s; time constant: 327.68 ms; modulation amplitude: 1
G. Quantitative determination of the ratio of the spin probe in different environments over
time was performed via multi-component fitting analysis of spectra using the
Multicomponent EPR Labview module of Altenbach (24) to perform Simplex fitting of the
spectrum.

Lipid digestion kinetics and drug transport kinetics for both systems (Figure 1a and 1b) were
studied experimentally. Simulations describing drug transport in presence of lipid digestion
for both systems were run and validated using experimental data.

3.1 Ingested food lipids

3.1.1 Calculation of digestion kinetic constant—The digestion kinetic constants for
lipolysis of 50 mM soybean oil in the fed state bio-relevant medium were determined
according to Equation 2 as kgig = 3.6 + 0.2x107% mmol/cm?s and ki = 4.3 £ 0.3x1074 1/s,
based on experimental measurement of digestion Kinetics (Figure 2). The excellent model fit
(Equation 2) supports the theoretical description of digestion rate as proportional to
emulsion droplet surface area and inhibited at a level proportional to the concentration of
fatty acids produced.

3.1.2 Drug dissolution without lipids—Dissolution kinetics and solubility values of
the model drug TB were measured in maleate buffer, and in fed state bio-relevant medium
by means of HPLC (Figure 3). Significant (8 fold) improvement in solubility was observed
for TB in fed state bio-relevant medium relative to maleate buffer due to the presence of
mixed micelle-forming species, NaTDC and lecithin (Table I1). Improvement in dissolution
kinetics was also evident from maleate buffer to fed state bio-relevant medium, as shown by
the steeper slope of the initial part of the dissolution curve in medium containing micelles.
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3.1.3 Drug dissolution in the presence of lipids—In dissolution experiments coupled
with in vitro lipid digestion, dissolution kinetics of the model drug TB was determined as
the digestion of 50 mM soybean oil - representing the lipid intake — proceeded (Figure 2).
The fed state bio-relevant medium enriched by ingested lipids showed an approximately 4-
fold further enhancement in solubilization power after 3 hours of dissolution-digestion, due
to the high solubility of TB in soybean oil (Table 1) and enhanced solubilization capacity of
micelles. During lipolysis, TB concentration in solution (aqueous and oil phases) rose
gradually over a time frame of approximately an hour, as opposed to the rapid increase to
approximately 70% of the equilibrium solubility value in the case of dissolution experiments
in fed state bio-relevant medium in the absence of lipid digestion (Figure 4). Simulations
were run to test the ability of the proposed model to describe drug dissolution in the
presence of simulated intestinal fluid and lipid digestion. Parameters used in simulations,
determined as described above, are shown in Table I11. Comparisons of simulation
predictions with experimental dissolution profiles are (Figures 3 and 4) indicate favorable
prediction of impact of bio-relevant media and lipid digestion on drug dissolution Kinetics.

3.2.1 Calculation of digestion kinetics constant—A digestion rate constant (Kgig) of
4.7 +0.2 x1079 mmol/cm?2s and a digestion inhibition constant (kinn) of 2.8 + 0.1x1074 1/s
were calculated from experimental in vitro SEDDS digestion profiles (Figure 5) using
Equation 2. Favorable model agreement again supports the theoretical description of
emulsion digestion as proportional to total droplet surface area.

3.2.2 Experimental drug release profile and calculation of drug release
constant from SEDDS—Drug release kinetics studied in the absence of digestive enzyme
revealed an initial “burst” release of the drug in the aqueous media upon dispersion of the
oil/surfactant/drug mixture. Over 18 hours, 14% of drug was released (Figure 6). First order
oil-water interface permeability constant, P,q, was calculated from experimental release
data using Equation 9 as 5.55 + 1.4 x 1072 cm/s.

TB aqueous solubility (TB solubility in fasted state simulated intestinal fluid) changes once
the formulation is dispersed in FaSSIF and Tween 80 molecules get associated with FaSSIF
micelles. Therefore, aqueous solubility in the presence of Tween 80 associated micelles was
also measured (Table I1). Other constant parameters, C*p yater and C¥Ip o, Which refer to
TB solubilities in maleate buffer and in formulation, respectively, were also measured
experimentally. Total surfactant concentration, Cgf, together with C¥p yater and C®p g
were used to calculate the molar solubilization constant, y, using Equation 11 as 0.2115 +
0.008 mmol/ml. Table Il summarizes equilibrium solubility values that were measured in
each phase.

3.2.3 Simulation of drug release from SEDDS during digestion—Kinetic
constants calculated separately for each process, formulation digestion and drug release
from formulation in the absence of digestive enzyme, were used to solve the developed
mathematical model considering both processes occurring simultaneously in order to predict
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their synergistic effect on released drug concentration from SEDDS over time during
digestion. Input parameters to the developed model are given in Table III.

3.2.4 Comparison of model predictions with in vitro experimental results—
Multi-component fitting analysis of EPR spectra collected over the course of digestion
allowed quantitative determination of the ratio of the spin probe in each phase over time.
Model predictions for the amount of drug in the aqueous phase (buffer and micelles), Cp 4,
over time in the presence of digestion of a formulation with 7 mg/ml drug load compared
favorably with combined release and digestion experiments analyzed by EPR.

4.0 Discussion

In the present study, we investigated the effects of ingested lipids and the lipid digestion
process on drug transport in a simulated intestinal lumen considering two different sources
of lipids, food-associated lipids and lipid-based drug delivery systems (SEDDS).

The presence of lipids and their digestion products alter greatly the intestinal lumen
composition, which consequently influences compounds’ solubility, dissolution kinetics and
release kinetics in the Gl fluids. The effects of dynamic lipid digestion on drug transport
were investigated. For both food lipids and lipid-based drug delivery systems, the digestion
rate was described using an equation that relates it to the total droplet surface area available
to the enzyme and takes into account the lipase inhibition due to the accumulation of FA at
the oil/water interface. FA accumulation at the oil/water interface is related to the degree of
their solubility in the aqueous phase. FA having short and medium chains were reported to
not inhibit or to inhibit less the lipase than long chain FA (15). Similarly, presence of higher
concentration of bile salt/phospholipids in the aqueous phase may decrease the level of FA
accumulation at the interface by increasing the solubilization capacity of the medium. In
addition, FA inhibition action described here mainly characterizes the in vitro digestion
systems, while it is expected to be less relevant in vivo where FA are continuously removed
by absorption. Based on this equation, digestion rate constants Kqig were calculated as
3.6*107% mmol/sec*cm? and 4.7*10~2 mmol/sec*cm? for food lipids and lipid-based drug
delivery systems, respectively. The presence of surfactant Tween 80 at the oil-aqueous
interface in lipid based drug delivery systems compared to BS/PL surfactants at the food
lipid emulsions surface may contribute to the differences in digestion rates of the two
systems, since the interface is considered to be the site of the enzyme-lipid substrate
interaction (26). Another difference between the two systems studied is the concentration of
BS/PL forming micelles in the fasted and fed bio-relevant media. On the other hand, a
higher digestion rate of food-associated lipid suspension compared to self-emulsifying
systems including the same oil component (Sesame oil: Maisine 35-1, 1:1) was reported
previously (12). It should be noted that measured digestion profiles were based on titration
of FA, and it has recently been reported that titration of FA can lead to underestimation of
extent of digestion due to only a portion of the FA being ionized (27). Thus, a more rigorous
analysis of digestion rate may affect calculated digestion rate constants.

Our investigations regarding the dissolution rates of TB showed that the dissolution
enhancement did not follow the same trend as solubility. The dissolution kinetics was faster
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in the fed state bio-relevant medium compared to maleate buffer, following the same trend
as in solubility. During food lipid digestion, there was an approximately 4-fold enhancement
in solubility, comparing equilibrium solubility in fed state medium to drug dissolved at the
conclusion of combined dissolution and digestion experiments. However, during food lipid
digestion, the drug dissolution rate from solid dosage form was not enhanced to the same
extent as solubility. The initial drug dissolution rates (first 5 minutes of dissolution
experiment) were comparable in the presence and the absence of the digestion process (0.14
mmol/min*ml vs. 0.12 mmol/min*ml respectively). However, the overall drug dissolution in
the presence of digestion was more gradual over a longer period of time than without
digestion, despite the observed increased solubility (approximately 4-fold) due to the
presence of oil droplets and lipid digestion products. This was in agreement with previous
studies showing that the solubility of lipophilic drugs in simulated intestinal fluids increased
proportionally to an increased content of surfactants, while the dissolution rates did not
increase proportionally (18, 28). The lack of a direct proportionality between the
enhancement in solubility and the enhancement in dissolution kinetics after food intake was
also confirmed by a study (29) that employed real human intestinal fluids obtained under fed
conditions. Thus, the present observations support the in vivo relevance of including in vitro
lipolysis models in drug dissolution tests. The lack of significant improvement in dissolution
kinetics of TB observed during the lipid digestion process might be related to the relative
kinetics of partitioning between the dissolved drug and soybean oil droplets, and associated
impact on concentration of drug in the aqueous solution, and thus the driving force for
dissolution. Further investigations carried out by means of EPR revealed that indeed the
transport of dissolved TB from the fed state bio-relevant medium into soybean oil droplets
occurred over a time scale similar to that of drug dissolution (3 hours) (data not shown).
These results support the necessity of modifying the classical Noyes-Whitney equation in
order to include explicitly: i) the role of colloidal particles in mass transport, and ii) the
partitioning process between dissolved drug and oil droplets.

In the absence of digestion, studies of in vitro drug release from SEDDS (Figure 1b)
indicated that there is a certain amount of drug in the aqueous phase at time 0. This may be
due to a certain amount of the surfactant, Tween 80, associating with micelles upon
emulsification of the SEDDS formulation in the fasted state simulated medium. Due to this
association, a certain amount of drug that is initially dissolved in the surfactant component
of the formulation may also associate with micelles. This association is, in fact, in agreement
with preliminary Small-angle neutron scattering (SANS) analysis of the system, where it
was shown that there was an alteration in BS/PL micelle composition and possibly size and
structure with the addition of formulation into the aqueous system (data not shown). In the
absence of digestion, percentage of released drug at 90 minutes upon introduction of the
formulation was 9%, whereas in the presence of formulation digestion this value was 70%.
The significantly higher amount of drug released due to digestion can be explained by an
active digestion facilitated release mechanism where the drug associated with the digestion
products directly partition into the endogenous BS/PL micelles formed in the presence of
digestion products. Thus, this active transport mechanism was taken into account while
expressing drug release from formulations in the presence of digestion (Equation 7). Drug
solubilization/release into aqueous phase during in vitro digestion was previously studied
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using static (27, 30, 31) and dynamic lipolysis models (12, 32). Fatouros et al. (12) studied
drug release profiles of the model drug Probucol (logP 8.92), during dynamic in vitro
lipolysis, formulated with a SNEDDS (Sesame oil: Maisine 35-1: Cremophor RH 40:
Ethanol, 30: 30: 30: 10) and SMEDDS (Sesame oil: Maisine 35-1: Cremophor RH 40:
Ethanol, 26.7: 26.7: 26.7: 20) formulations with droplet particle size of 45.0 + 3.4 nm and
4.58 £ 0.84 pm, respectively. Drug release from these formulations ranged between 70-95%
at 60 minutes into digestion, which is similar to our findings. The main difference in release
profiles between our findings and what has been previously reported is the earlier leveling
off of drug release, which is about 0-15 minutes for Fatouros et al., as opposed to 50
minutes in our studies. This discrepancy, while likely due in part to differences in
formulation composition, might originate in part from differences in analysis of drug
concentration techniques. The most conventional way of measuring drug partitioning during
digestion so far has involved sampling during in vitro digestion, centrifugation of collected
samples in order to separate aqueous phase from the formulation phase, and quantification
of drug concentration in the aqueous phase (12). While this method has proven to give, in
many instances, reliable information about the degree of drug release and partitioning and
possible performance of the specific drug delivery system, it may result in misinterpretation
of time profiles of this dynamic process since the time spent during centrifugation has been
as much as 135 minutes. In our study, EPR was used as a non-invasive, online method to
monitor model drug distribution in different phases. EPR spectroscopy offers advantages of
a non-invasive, real time method for analysis of the amount of compound in each phase
(water, micelles, and formulation) during in vitro digestion, and is thus a powerful tool to
monitor drug delivery processes (7, 33). Our results on both of the systems studied, food
lipids and lipid based drug delivery systems, indicate strong influences of the presence of
lipids and lipid digestion on drug transport. During food lipid digestion, the drug dissolution
rate from solid dosage form did not increase at the same extent as solubility (approximately
4-fold enhancement), as noted above. Whereas in the case of lipid drug delivery systems, the
presence of digestion led to an increase in both the rate and extent of drug release from lipid
delivery system emulsion.

Recently, Sugano (34) summarized the effects of fed state intestinal conditions on oral drug
absorption via interactions with bile micelles. In particular, the interactions between
compounds and bile micelles present in the GI fluids were proposed as the theoretical basis
for food effects on co-administered compounds, supporting the central role of micelles in
overall oral absorption. Our modeling approach included lipids and dynamic lipid digestion
products interacting with endogenous colloidal particles and drug compounds in addition to
bile micelles. Furthermore, the model aimed to unify the mechanism behind the observed
effects of ingested lipids on two processes - drug dissolution and drug release — based upon
fundamental principles of mass transport across oil-water-micelle interfaces as lipolysis
proceeds. The significance of predicting drug transport between different colloidal phases
present during lipid digestion lies in the assumption that simultaneous absorption occurs in
vivo, and that this absorption process is driven by aqueous drug concentration. Although
overall drug absorptive flux has been related to total drug concentration (35), multiple
literature reports indicate that drug absorption is driven by the concentration of drug in the
aqueous phase (33, 35, 36).
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Several studies (17, 23, 37) have shown that the classic Noyes-Whitney equation might have
to be modified when the dissolution of solid compound takes place in solutions containing
solubilizing agents. Previously, we have demonstrated that a model considering micelle-
drug partitioning as a pseudo-equilibrium process and an unstirred boundary layer
surrounding dissolving particles across which drugs and micelles diffuse could effectively
describe drug dissolution in simulated intestinal fluids (18). However, this experimental
study and modeling of dissolution of solid compounds did not include the presence of lipid
emulsions and the lipid digestion process. In this study, therefore, ingested lipids and the
lipolysis process were included in order to more closely mimic the in vivo dynamic
conditions of the GI fluids after lipid intake. The proposed model presented herein took into
account the mass transport of the model drug TB between the aqueous phase — containing
micelles — and the oil droplets during oil digestion (19, 38).

Close comparison between simulations of drug release/dissolution during digestion and
experimental results (Figures 4 and 7) supports the validity of expressions for kinetic
processes for both systems. In addition, several assumptions made solving the model such as
increased aqueous solubilization directly related to free fatty acid concentration, and
shrinkage of emulsion droplet size proportional to the amount of fatty acid leaving droplets,
were supported by the reasonable accuracy of simulation predictions. However, coalescence
during digestion of lipid-based systems was reported previously (15). In cases where oil
droplet flocculation and coalescence is prominent during digestion, the model assumption
that droplets decrease in size proportional to fatty acid leaving the droplets may not be valid.
Lipid digestion was also associated with the formation of several liquid crystalline phases at
the water-lipid interface at different stages of the lipolysis (39). Liquid crystalline formation
was also correlated with the type of the oil digested (long chain vs medium or short chain
triglyceride) (40). Our model was tested using a single long chain triglyceride, soybean oil.
It should be noted that based on the lipid type, modification on the droplets surface structure
(liquid crystal phases) might occur during digestion, in which case model validity might
potentially change. Furthermore, we assumed that the enhanced drug solubilization observed
during the lipid digestion was directly proportional to the surfactants’ concentration. Simple
micelle inclusion of FA may be an over-simplification of the more complex colloidal system
formation during intestinal lipolysis. However, lacking insight into how colloidal species
evolve over time, a first approximation was used to model mathematically the enhancement
in solubilization capacity of such colloidal systems due to digestion. Increased solubilization
capacity of aqueous phase during digestion in some cases was linked to a supersaturation
phenomenon, (41) where an initial supersaturation status is followed by drug precipitation.
At the drug load employed in this study, we did not observe a supersaturation as suggested
by the lack of precipitate in samples upon centrifugation. Therefore, we did not consider
supersaturation and precipitation processes in the presented model. However, higher initial
drug loading in SEDDS formulation might potentially induce a supersaturation stage in the
aqueous phase upon drug release during digestion. These results substantiate the concept
that mechanistic studies based on physiologically relevant in vitro experiments can provide a
better prediction of drug dissolution and release in the presence of ingested lipids; they can
ultimately be combined with permeability studies and pharmacokinetic models, enabling
prediction of the overall impact on drug absorption and bioavailability.
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5.0 Conclusions

A physical model considering the simultaneous diffusion of free solute and micelle-
solubilized solute across the aqueous boundary layer surrounding a dissolving drug particle,
the partitioning and permeation of drug across the oil-water interface of emulsion droplet
surfaces, and the lipid digestion process, adequately describes the influence of ingested
lipids on both: 1. solid drug dissolution when dosed with food-associated lipids, and 2. drug
release from SEDDS in simulated intestinal fluids. It is noted that the proposed model does
not address other relevant factors affecting drug absorption — such as lymphatic drug
transport, drug permeability across the intestinal wall, and drug metabolism. Nevertheless,
this modeling approach can be utilized in a system-based model that incorporates the
aforementioned factors and pharmacokinetics in order to enable quantitative prediction of
impact of the presence of fat-rich food or a lipid based drug delivery system in the Gl tract
on bioavailability of drugs.
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Figure 2.
Experimental digestion profile (data points) of soybean oil in the fed state bio-relevant

medium -measured during the dissolution experiment of TB — agreed well with the proposed
digestion kinetics model (continuous line).
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Figure 3.

Experimental dissolution profiles and simulations of the model drug TB in maleate buffer
and in the fed state bio-relevant medium (n=3 for each dissolving medium).
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Figure4.

Dissolution profiles of the model drug TB in the fed state bio-relevant medium and during
the digestion of 50 mM of soybean oil (n=3 for each dissolving medium).

Pharm Res. Author manuscript; available in PMC 2015 January 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Buyukozturk et al.

Page 25

0.3
=
—_ 0.25
S — :
§ 0.2 <
3 015 &
it <
- —
é 0.1 é
0.05
)

0 20 40 60 80 100 120 140 160
Time (min)
Figureb.

Comparison of model simulation results (continuous line) with experimental results (data
points) showing rate of digestion in terms of rate of free fatty acid production.
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In vitro drug release from SEDDS in the absence of digestion.
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Figure7.
Comparison of model simulation results (continuous line) with experimental results (data

points) pertaining to drug release from inside of emulsion droplets to the outside aqueous
media during formulation digestion.
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Compositions of two separate systems studied: a) lipid drug delivery system dosed in fasted state, b) “food
lipid” (soybean oil) in fed state bio-relevant media.

a) Drug delivery system in fasted state

b) Food lipidsin fed state

state solution

Maleate Buffer ~ pH 6.5 pH 6.5
Trizma® maleate 100mM  Trizma® maleate 100 mM
NaCl 65mM  NaCl 65 mM
Caclz*ZHzo 5mM Caclz*szo 10 mM
NaNj3 3mM  NaNj; 3mM
NaOH 40mM  NaOH 40 mM
Bilesalt NaTDC 5mM NaTDC 12mM
Phospholipid Lecithin 1.25mM  Lecithin 4mM
Ratio BS/PL 4:1 3:1
Lipid Substrate  SEDDS formulation: Soybean oil: Tween 80 1:1 (w/w), 1:100 formulation dilution in fasted ~ Soybean oil 50 mM
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Experimental solubility values for the model drug TB in different media (n=3).

Table Il

Medium Solubility (mg/ml)
Maleate buffer-5 mM CaZ* 0.013 £ 0.003
Maleate buffer-10 mM Ca2* 0.020 +0.001
Fasted state bio-relevant medium 0.096 + 0.002
Fed state bio-relevant medium 0.145 + 0.006

Fasted state bio-relevant media with Tween 80 0.3958 + 0.007

Soybean oil

2178+25
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Input parameters to the developed models
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Input parameters

a) Releasefrom SEDDS  b) Drug dissolution from solid

dosage form

Physiological parameters

Bile salt concentration

Phospholipid concentration

Critical micelle concentration (21)

Formulation and drug parameters

Mean droplet diameter of oil emulsions (10)

Molecular weight of TB

Number of digestible FA per mole oil emulsion (15)
Initial concentration of TB in a) formulation volume, b) solution volume
Initial volume ratio of a) formulation, b) oil in intestinal lumen
Concentration of Tween 80 associated in BS/PL micelles
(Molar) solubilization of TB in BS/PL micelles
Solubility of TB in buffer (5mM Ca2*/10mM Ca2*)
Solubility of TB in a) fasted, b) fed bio-relevant media
Solubility of TB in a) formulation, b) soybean oil
Stationary diffusion layer, hl

Particle size of TB2

Kinetic parameters

Diffusion coefficient of TB, Dp

Diffusion coefficient of micelles, Dm

Formulation or oil digestion kinetic constant, Kgig

Formulation or oil digestion inhibition kinetic constant, ki,

a) TB release constant from formulation, b) TB uptake constant into oil, Py

Value
5x10-3 mmol/ml
1.25%x1073 mmol/ml

1.6x1073 mmol/ml

403 nm

276.35 mg/mmol
2

0.02533 mmol/ml
1:100

8.14 mmol/ml
0.2115 mmol/ml
4.7x107% mmol/ml
3.4x10™*mmol/ml

0.579 mmol/ml

4.7x107° mmol/cm?Zs

2.8x10™* 1/s
5.55x1079 cm/s

Value
12x1073 mmol/ml
4x1073 mmol/ml

1.6x1073 mmol/ml

386 nm

276.35 mg/mmol
2

0.003618 mmol/ml
4.8:100

0.2115 mmol/ml
7.2x107%> mmol/ml
4.5x10™* mmol/ml
0.788 mmol/ml
20 um

20 um

8.3743*10710 m¥s
6.5578*1071 m%/s.

3.6x10°mmol/cm? s

4.3x1074 1/s
3.52x1078 cm/s

Notes -

1 A . .
assumed to be equal to initial particles’ radius (25);

2 . : : . L
estimated based on particles’ separation by controlled sieve mesh; all the other parameters were calculated as explained in the text.
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