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Introduction

Liposomal formulations offer several potential advantages for the intravenous delivery of

antitumor agents due to their ability to increase drug solubility, reduce drug toxicity, and

prolong drug release [1]. Pegylated liposomes have the added benefit of longer systemic

circulation due to reduced clearance by the mononuclear phagocytic system [1-4]. This

prolonged circulation time when combined with an appropriate particle size provides

preferential delivery of liposomes to solid tumors, a result of the well-known enhanced

permeability and retention of nanoparticles in tumors [1, 3, 5]. These properties have led to

the FDA-approved liposomal formulation of doxorubicin (DOXIL®) as well as other drug

products, including several currently in clinical trials [6-13].

When investigated systematically, the antitumor efficacy of drug-loaded liposomal

formulations has been closely linked to the drug release rate [14-17] Such investigations

imply that the ability to tailor liposomal drug release rates could enable clinicians to

optimize efficacy for a specific tumor by selecting the delivery system that produces the

optimal tumor concentration profile. Protracted or metronomic dosing regimens have shown

such promise with enhanced antitumor agent efficacy [18-20], but these approaches are

unable to take advantage of the localized intratumoral drug release afforded by liposomes

and other nanoparticulate systems. Liposomal systems that provide predictable drug release

rates would reduce the frequent visits and monitoring currently necessary due to the narrow

therapeutic window and rapid clearance of many chemotherapeutics.
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While many models have been developed to describe drug loading [21-24], few have

considered release kinetics [25-27] and even fewer have been validated experimentally [21,

26, 27]. Mechanistic models that incorporate physicochemical properties of the drug in

solution including the drug species present as a function of intraliposomal pH, their

interactions with the lipid bilayer, and their membrane permeabilities would be essential to

release rate design and optimization.

Liposomal formulations of topotecan (TPT) serve as a prime example of the need for

mechanistic models to reliably predict drug release rates under a variety of loading and

release conditions. TPT is a topoisomerase I inhibitor currently approved to treat cervical,

ovarian, and small cell lung cancers as an injectable solution and in multiple clinical trials as

the sole medication or in conjunction with other medications and/or radiation [28-32]. Like

other weakly basic drugs, TPT exhibits high encapsulation efficiency in liposomal

formulations utilizing active loading strategies [14, 33-38]. Previous work with liposomal

TPT has mainly focused on encapsulation strategies, while the emphasis on controlled or

extended release has been limited [17, 35, 36, 39, 40].

Studies that systematically examine various formulation and releasing-media parameters are

necessary to develop a model capable of understanding and controlling release. Since the

generation of a lowintravesicular pH is a prerequisite for active loading of weak bases while

drug release occurs under physiological conditions near a neutral pH [34, 37, 39], evaluating

the sensitivity of TPT release to both the intra- and extravesicular pH is critical to the

development of a mechanistic model having practical utility. Over this pH range, TPT is

assumed to exist in solution as one of four major species as illustrated in Scheme 1.

The aim of the present work was to determine the pH sensitivity of TPT release from

unilamellar liposomes and develop a mechanism-based mathematical model to account for

the observed transport rates. To completely account for the pH-permeability profiles

obtained experimentally, the mathematical model had to include the effects of TPT

speciation via ionization, membrane-binding equilibria, drug species’ permeability

coefficients, and the kinetics and pH dependence of TPT lactone ring-opening/closing.

Materials and Methods

Materials

Powders of 1,2-Distearoyl-sn-glycero-3-phosphatidylcholine (DSPC, >99% purity) and 1,2-

distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethyleneglycol)-2000] (m-

PEG DSPE, MW = 2806, >99% purity) were purchased from Avanti Polar Lipids

(Alabaster, AL). Topotecan hydrochloride was purchased from AK Scientific (Union City,

CA). Millipore ultrafiltration cartridges (Amicon® Ultra 0.5 mL centrifugal filter device

with 30,000 MWCO Ultracel® membrane), Nuclepore polycarbonate membranes (0.1 µm),

solvents, and buffer salts were purchased from Fisher Scientific (Florence, KY). All solvents

were HPLC grade.
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Preparation and characterization of DSPC/m-PEG DSPE liposomes for lactone-carboxylate
interconversion and release studies

Large unilamellar vesicles were formed using the film hydration and extrusion process

described in several previous reports with slight modifications [26, 40]. Briefly, DSPC and

m-PEG DSPE (95:5 mol:mol) lipids were weighed into borosilicate vials, then dissolved in

chloroform. The chloroform was subsequently evaporated under a stream of N2 and the

residue was vacuum-dried at 40°C for 6 hours to form a thin lipid film. Films were hydrated

and passed 10 times through two stacked Nuclepore polycarbonate membranes (100 nm

pore) using a Liposofast® extrusion device at 60°C to obtain unilamellar vesicles. All

solutions for film hydration were made with a buffer concentration of 50 mM and adjusted

to an ionic strength of 0.3 with NaCl. The reported pH was measured at 37 °C. Liposomes

used in lactone-carboxylate interconversion studies were composed of lipid films hydrated

with pH 6.33 (2-(N-morpholino)ethanesulfonic acid (MES)) and pH 7.67 (Tris) to achieve a

final lipid concentration of 50 mg/mL. Liposomes for release studies were hydrated with

solutions of pH 3.35 (chloroacetate), 4.01 (formate), 5.01 (acetate), 5.92 and 6.33 (MES),

7.04 and 7.39 (phosphate), and 7.67 (Tris) containing 50 μM TPT, yielding a lipid

concentration of 40 mg/mL.

For the calculation of vesicle volume parameters, particle size and lipid content were

determined. Liposome particle size was analyzed using a Beckman Delsa™ Nano C Particle

Sizer with a 70 second accumulation time. Particle size before and after release studies was

determined using Cumulants analysis. Liposome suspensions were diluted by a factor of 10

before analysis to obtain intensity readings within the detection range of the instrument. To

avoid interference from dust and other artifacts during size analysis, the buffers used in

liposome hydration and subsequent release studies were filtered with a 0.22 μm

nitrocellulose filter. Samples were stored at 4°C until analysis. Lipid content was determined

using HPLC and is described in further detail in the analyses section.

Fluorescence measurements of aqueous TPT solutions

The acid dissociation constant of the TPT A-ring phenol was determined using changes in

fluorescence excitation spectra with pH. Solutions of 500 nM TPT were prepared at various

pH with buffers of formate (pH 3.50), acetate (4.50 and 5.50), MES (pH 6.00 and 6.27) and

phosphate (pH 6.50, 6.80, 7.20, and 7.50) at concentrations of 50 mM while ionic strength

was kept at 0.3 by adjustment with sodium chloride. Solutions were scanned with a

FluoroMax-3 (Jobin Yvon Inc., Edison, NJ). Excitation scans were made over a range of

300 – 470 nm using an emission wavelength of 560 nm. The temperature of the sample

chamber was maintained at 37 °C, and fluorescence intensity was recorded using a 0.5

second integration time and a 3 nm band pass width.

TPT interconversion studies

Kinetic studies of the reversible and pH dependent ring-opening/closing of TPT were

conducted with 0.4-0.6 μM TPT solutions at pH 5.92, 6.33, 7.04, 7.39, and 7.67 using the

same buffers used to hydrate liposomes. At pH 5.92 and 6.33, solutions were spiked with a

50 μM stock solution of the ring-opened TPT carboxylate dissolved in 0.1 N NaOH. Studies

at higher pH used a 50 μM stock of lactone TPT in DMSO. To determine the effect (if any)
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of TPT binding to the bilayer, interconversion studies were also conducted in 50 mg/mL

liposome suspensions at pH 6.33 and 7.67 and compared with profiles obtained in aqueous

solution.

At various times, 150 μL samples were withdrawn and interconversion was quenched using

300 μL of a chilled (−20 °C) 2:1 (v:v) acetonitrile: methanol solution. Samples were

immediately injected and analyzed by HPLC for both ring-opened carboxylate and lactone

content. All studies were conducted in a water-jacketed incubator maintained at 37 °C and

stirred at 200 rpm with a 10 × 5 mm Teflon stir bar using a Thermo Cimerac iPoly 15

multipoint stirrer.

Release of TPT from DSPC/DSPE-PEG-2K liposomes

Release studies were conducted in a similar manner as reported previously [41].

Unencapsulated TPT present in passively loaded liposome suspensions was removed by

passing suspensions through a Sephadex G-25 column equilibrated with the same buffer as

the liposome suspension. Aliquots of liposome suspension (0.2–0.5 mL) were passed

through the column and the drug-loaded liposome fraction eluting between 2.5–5 mL was

collected, yielding liposome suspensions for release studies having lipid concentrations of

1.0-4.5 mg/mL. Liposome suspensions were transferred to glass vials capped with a rubber

stopper and stirred at the same conditions used for interconversion studies within a water-

jacketed incubator maintained at 37 °C. Suspension temperature was monitored daily using

a digital thermometer over the time span of release studies.

Encapsulated drug was monitored by ultrafiltration of 50–150 μL aliquots of liposome

suspension taken at various time points. Each aliquot was diluted with chilled (4 °C) buffer

to 425 μL and ultrafiltered using an Amicon® Ultra 0.5 mL centrifugal filter device with

30,000 MWCO Ultracel® membrane. Cartridges were then centrifuged at 14,000 rpm for 10

minutes in an Eppendorf 5417R maintained at 4 °C. The concentrated suspension (50 μL)

was recovered by inverting the cartridge and centrifuging at 2000 rpm for another 2 minutes.

Recovered concentrate was resuspended in another 400 μL of chilled buffer and the process

was repeated. The final concentrate was dissolved in acidified methanol and diluted within

the calibration range for HPLC analysis.

HPLC analyses

Samples from interconversion studies were analyzed for TPT concentration by HPLC [42].

A Waters Alliance 2695 separation system coupled to a Waters fluorescence detector

(M474) was employed with excitation and emission wavelengths at 380 and 560 nm,

respectively. Interconversion studies measured both lactone and carboxylate forms of TPT

using a Supelcosil™ ABZ+ column (250 × 4.6 mm, 5 μm) and guard column (20 × 4.0 mm,

5 μm) with a mobile phase (14% acetonitrile: 86% (v/v) of 5% (pH = 5.5) triethylamine

acetate, 50 mM tetrabutylammonium hydrogen sulfate (TBAHS) buffer) flow rate of 1.5

mL/min. Lactone TPT standards were prepared in chilled, acidified methanol (−20 °C) and

carboxylate standards were prepared in 10 mM sodium carbonate buffer (pH 10.1) at 20-200

nM concentrations. Lactone and carboxylate retention times were 5.5 and 2.1 min,

respectively.
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For release studies, samples were diluted in chilled, acidified methanol (0.001 N HCl for

studies at pH ≤ 5.01 and 0.02 N HCl for studies conducted at higher pH) to convert all TPT

to its lactone form. Samples were stored at −20 °C until analysis. TPT lactone was then

analyzed using a Waters Symmetry® C18 column (4.6×150 mm, 5 μm) and guard column

(3.9 × 20 mm) with a mobile phase (16% acetonitrile: 84% (v/v) of 5% (pH = 5.5)

triethylamine acetate buffer) flow rate of 1 mL/min. Sample compartment and column were

kept at ambient temperature. The retention time for TPT lactone was 4.5 min and response

was linear between 20 and 200 nM.

Lipid analysis was performed with HPLC using an evaporative light scattering detector

(ELSD, Sedere, Inc., Lawrenceville, NJ) based on a previously described method using an

Allsphere (Alltech Associates, Inc., Deerfield, IL) silica column (4 × 150 mm, 5 μm) and

guard column (20 × 4.0 mm, 5 μm). The elution method employed a linear gradient

composed of 100% mobile phase A (80% chloroform:19.5% methanol:0.5%(v/v) NH4OH)

changing to 80% mobile phase A and 20% mobile phase B (80% methanol:19.5% water:

0.5% (v/v) NH4OH) at 3 min which was maintained until 7 min, and returned to 100%

mobile phase A at 14 min at a flow rate of 1 mL/min [26]. Samples (100 μL) were dried at

room temperature under N2, then dissolved in chilled mobile phase A before analysis.

Mechanism-based mathematical model development

Scheme 2 depicts the equilibria and rate constants that influence the rate of liposomal

release of TPT as a function of pH. While the mechanistic approach is similar to those

employed previously for other compounds [21, 26, 27], the species present and parameter

values will obviously differ. Using this scheme, a mathematical model that accounted for the

various species of TPT as a function of pH was developed as briefly described below (see

Supplemental Data for the full derivation).

Total drug release within a liposome suspension may be described by the total rate of change

for both intra- and extravesicular concentrations of TPT (  and , respectively). This total

rate of change is the sum of the rates of change for both the lactone, , and carboxylate, ,

forms of TPT in the intra- and extravesicular compartments. This is expressed in Eqs. 1a and

b.

(1a)

(1b)

The driving force governing liposomal drug release is the concentration gradient between

the unbound, intra- and extra-vesicular concentrations of the permeable species. In the case

of TPT, pH-dependent ring-closure may become the rate-limiting step for drug release under

certain conditions. Thus, the rates of change of the intravesicular lactone and carboxylate

concentrations are determined by both diffusive and chemical kinetic contributions as

depicted in Eq. 2.
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(2)

These terms can be explicitly written for the rates of both the lactone and carboxylate forms

of TPT as shown by Eq. 3a and b for the intravesicular compartment.

(3a)

(3b)

The colors highlighting the various terms in Eqs. 3a and b correspond to those in Eq. 2. In

both equations, the rates of change of intravesicular lactone and carboxylate (highlighted

green) are composed of diffusive (yellow) and chemical kinetic components (blue)

describing interconversion of TPT between its lactone and carboxylate forms.

In the diffusion term,  and  are effective transport rate constants for the lactone and

carboxylate species, respectively. These constants are pH dependent, as determined by the

various ionization states of the lactone and carboxylate species (Scheme 1) and their

permeability coefficients. The superscript, u, indicates that only lactone and carboxylate

species not bound to the membrane contribute to the diffusive driving force governing

release. The fraction of unbound drug can be solved for mathematically (see Supplementary

Data). The interconversion term accounts for the kinetics of lactone-carboxylate

interconversion.

Using this mechanistic model to obtain release rate constants for each TPT species from

transport studies also required separate experiments to generate parameters governing the

ionization state of the TPT A-ring phenol and the lactone-carboxylate interconversion

kinetics. These determinations are described in the upcoming sections.

Spectrometric determination of the TPT A-ring phenol (pKa1)

The ionization state of drugs and small molecules has been shown to alter release kinetics,

typically due to the likelihood that the neutral form is more permeable than charged species

[26, 43, 44]. In the case of TPT, the phenolic -OH group ortho to the dimethyl-aminomethyl

substituent on the A ring may ionize and alter the charge of TPT as depicted in Scheme 3.

The value of pKa1 was determined by fitting the fluorescence intensities generated from

excitation spectra of TPT at varying pH (3.5 – 7.5). Details of these analyses are provided in

Supplementary Data.

TPT lactone-carboxylate interconversion kinetics in solution and in the presence of
liposomes

The lactone E-ring in TPT can undergo reversible, base-catalyzed hydrolysis to form its

ring-opened, carboxylate form via deprotonation of the carboxylic acid intermediate, CCOOH

(Scheme 4). This process is pH-dependent, similar to other camptothecin analogues, with the

lactone form, L, dominating at low pH. As pH is increased ionization of the ring-opened
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carboxylic acid to form CCOO- shifts the equilibrium toward the ring-opened species [42,

45]. Note, however, that both the ring-opening and closing reactions described in Scheme 4

are base-catalyzed in accordance with the principle of microscopic reversibility.

The rate constants governing the base-catalyzed ring opening/closing kinetics were

determined by monitoring the lactone and carboxylate concentrations at various pH (6.33 –

7.67) and fitting the data to an interconversion model based on Scheme 4 (see

Supplementary Data).

Results

Validation of analytical methods and liposome characterization

TPT concentrations were analyzed by HPLC with fluorescence detection using excitation

and emission wavelengths of 380 nm and 550 nm, respectively. Peak areas varied linearly

with concentration between 20 and 200 nM for both lactone and carboxylate standards.

Release studies monitored total TPT concentration by converting all drug to its lactone form

by diluting samples with chilled acidified methanol into the concentration range of

standards. Coefficients of variation for response factors of standards were ±1.4% intraday

and ±2.6% interday. Initial TPT concentrations ranged from 0.2-1.0 μM for these

experiments. Studies monitoring TPT interconversion kinetics were performed with initial

concentrations of 0.4-0.6 μM and coefficients of variation for response factors were ±2.0%

intraday and ±7.1% interday for carboxylate standards and ±1.5% intraday and ±2.1%

interday for lactone standards. Phospholipid content was determined by a previously

validated HPLC method with slight modifications [26, 27]. ELSD, necessary due to the lack

of chromophore/fluorophore in the lipid molecules, provided linear log-log plots of the peak

areas versus DSPC concentration between 0.025 – 0.3 mg/mL and a peak retention time of

7.9 minutes, similar to that previously reported [26].

To validate the ultrafiltration procedure as a reliable technique to analyze drug release

kinetics, the recovery efficiency of TPT and phospholipid after ultrafiltration was

determined. Sephadex separation of liposomally entrapped TPT from unencapsulated drug

was used as previously reported [41] to determine this recovery value. By analyzing TPT

concentrations in liposomal fractions collected immediately after Sephadex purification, the

percentage of TPT recovered after the ultrafiltration procedure was determined to be 88.0 ±

2.4 %; however, this value may be an underestimation if trace amounts of unentrapped TPT

were present after Sephadex separation. To further explore this as a possible source of error,

phospholipid content was also determined in liposome samples after ultrafiltration.

Phospholipid recovery was determined to be 94.0 ± 3.9 %. The slightly higher recovery of

phospholipid in comparison to TPT after ultrafiltration of freshly purified drug-loaded

liposomes provides evidence for the presence of a small percentage of unentrapped drug.

Consequently, phospholipid and TPT recovery were compared at the start of a release

experiment to estimate the initial amount of TPT in the extra-vesicular solution. During

these experiments, the initial extra-vesicular TPT was never more than 2.5 % of the initial

intra-vesicular TPT. As a final validation, suspensions of liposomes containing no drug were

spiked with TPT and then ultrafiltered. Ultrafiltration of these spiked solutions showed only

trace amounts of TPT present well, below the limit of quantitation (less than 0.3 % of initial
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TPT). Because passive loading was used to conduct these experiments, encapsulation

efficiency was not determined as it was expected to be low (< 3%) and not germane to the

goals of this study.

Volume parameters (Table 1) used in model fitting were calculated from particle sizes and

phospholipid contents determined during release studies. Particle size was determined at

each pH (8 measurements) for the suspensions before and after the conclusion of release

studies. The average particle size before release studies (with 95 % confidence interval) was

96 ± 2 nm and 98 ± 3 nm after release studies were finished, indicating no statistically

significant change in particle size during the experiments. Because of the narrow particle

size distribution, average particle size was used to determine the aqueous/total entrapped

volume ratio (a) and membrane/total entrapped volume ratio (b), parameters that were

necessary for the analysis of the transport data (see Supplementary Data). Extra-vesicular

volume ratios (c and d) analogous to a and b were also required for the determination of

membrane binding constants and subsequently release rate constants because these studies

were not performed under sink conditions. The entrapped/unentrapped volume ratio (fv)

calculated from the lipid content present in suspension was varied in release studies by

altering the lipid concentration to avoid possible systematic errors in estimation of

membrane binding constants from release profiles. Thus, the lipid content determined for

each release study was used rather than the average of values for all experiments. The values

in Table 1 reflect the parameter ranges explored. [43, 46, 47].

Phospholipids undergo acid-catalyzed ester hydrolysis [48-50] that could lead to hydrolysis-

induced changes in bilayer integrity over longer periods of time. This possibility was

examined by monitoring lipid content in solution using HPLC with an ELSD. No loss of

lipid was detected in release studies at pH 4.01 over 72 hr but >10% lipid loss was found

after 48 hr at pH 3.35 (Supplementary Data, Fig. S1) which is qualitatively consistent with

literature data [51]. Previous literature reports have shown compromised bilayer integrity

when 15% or more phospholipid has degraded [49]. Consequently, only samples taken

before 36 hours from the pH 3.35 release study were used in data fitting.

Spectrometric determination of the TPT A-ring phenol (pKa1)

Because of the high dependency of bilayer permeability on permeant charge [1, 27, 37, 43,

44], the pKa of the phenolic -OH on the A ring was determined at 37 °C from changes in the

TPT fluorescence excitation spectra with pH as seen in Fig. 1. Spectral changes as a function

of pH (Supplementary Data, Fig. S2) were used to determine pKa1 to be 6.56 ± 0.12. This

value is similar to those previously reported at lower temperatures [45, 52-54].

TPT lactone-carboxylate interconversion kinetics

The kinetics of interconversion of TPT between its lactone and carboxylate forms was

monitored as a function of pH by following both carboxylate and lactone species (Fig. 2). A

kinetic model based on a ring opening/closing mechanism previously described in the

literature, [45] was able to account for the pH-dependence (Supplementary Data), resulting

in a base-catalyzed ring-closing rate constant (kc,OH) of 7.4 ± 0.3 × 108 mol−1hr−1 and a

carboxylic acid/lactone equilibrium constant (K0) of 1.98 ± 0.07 × 10−3. Combining the pKa
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of the ring-opened carboxylic assumed to be 3.9 (based on values previously assumed for

camptothecin and its analogues and a pKa of 3.86 for the α-hydroxy acid glycolic acid) with

K0 gave an effective pKa for the ring-opening/ionization reaction (pKa2) of 6.60. This value

is similar to that reported for camptothecin and other analogues [42, 45].

Interconversion studies conducted in liposomal suspensions at high lipid content revealed no

significant changes in the kinetic parameters or value of K0 from those obtained at the same

pH in aqueous solutions (Supplementary Data, Fig. S3). This supports the negligible effect

of membrane binding on interconversion kinetics and the use of kcl and K0 to describe inter-

conversion kinetics of total intravesicular TPT.

pH Sensitive release of TPT

Transport experiments were performed at varying pH and at a recorded average temperature

of 38.7 ± 0.1 °C during the time period of the studies. The fractions of TPT retained in

DSPC/DSPEPEG2K liposomes versus time at varying pH are shown in Fig. 3. The curves

displayed in Fig. 3 represent simultaneous fits to the mechanism-based mathematical model

for TPT release developed in the Supplementary Data using the equilibria and chemical

kinetic constants determined from spectrometric and interconversion studies. From these

data, transport rate constants and partition coefficients were obtained for the various

ionization states of the lactone and carboxylate species (see Scheme 1). Transport rate

constants of 0.51 ± 0.07 hr−1 and 33.9 ± 4.6 hr−1 were found for the cationic lactone species

(Lp) and the zwitterionic lactone (Ln), respectively, while the ring-opened carboxylate

zwitterion (Cn) had a rate constant of 5.7 ± 0.5 hr−1 and its anionic form (Ca) was found to

be impermeable.

The same analysis also indicated that the zwitterionic lactone (Ln) and anionic carboxylate

form Ca exhibited negligible binding to the phospholipid bilayer. Both of these species have

in common a phenolate moiety that evidently disfavors interaction with the bilayer. This and

the similar partition coefficients of 61.7 ± 5.9 and 42.1 ± 6.4 for the lactone and carboxylate

species in which the phenol is unionized (Lp and Cn respectively) suggest that binding likely

occurs with preferential orientation of the TPT A-ring toward the hydrophobic region of the

phospholipid bilayer. Opening of the lactone ring had a negligible effect on membrane

binding.

Discussion

Effect of TPT ring-opening on pH sensitive release kinetics

The significantly greater permeability of the zwitterionic lactone species (Ln) than any of the

other TPT species present in the pH range explored (Scheme 1) raises the possibility that,

under certain pH conditions, this species might be depleted from the intravesicular

compartment due to its slow regeneration from the ring-opened form. Simulated profiles of

the concentrations of carboxylate and lactone species at pH 6.33 (where the lactone fraction

is greater) and pH 7.04 (where the carboxylate fraction is greater) are shown in Fig. 4 along

with the profile of total drug released in Fig. 4. Because interconversion is not instantaneous,

the more permeable lactone zwitterion was depleted at a faster rate than its carboxylate
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counterpart, resulting in biphasic release profiles at certain pH values such as within the first

30 min of release at pH 7.04 (Fig. 4B, see also Fig. 5B).

The ratio of lactone to carboxylate species, R, during release is also depicted in Fig. 4. The

profile of R initially shows a rapid decrease as the more permeable lactone species are

depleted during the early phase of release. During the later phase of release, R approaches its

initial equilibrium value as the less permeable carboxylate specie continues to release.

Similar trends of R are evident for release studies conducted in the neutral pH range

(Supplementary Data, Fig. S4)

Comparison of kinetic and equilibrium models of lactone ring-opening/closing

In previous pH-dependent release studies with the camptothecin analogue AR-67, ring-

opening kinetics could be assumed to be instantaneous because the high membrane-binding

constant for the lactone form reduced the driving force for release and provided a reservoir

of the lactone species [26, 27, 55]. Both of these factors minimized the depletion of lactone.

In contrast, the low membrane-partitioning observed for TPT required such an assumption to

be tested. To compare the release model that incorporated the kinetics of ring-opening with

one that assumed ring-opening/closing equilibrium (see Supplementary Data), the pH

profiles for the release half-lives (t1/2) generated by the two models as a function of pH were

compared in Fig. 5 along with the experimentally-observed half-lives.

Because the equilibrium model does not account for interconversion kinetics, it tries to

compensate for the steep change in half-life (resulting from rate-limited ring-closing) seen at

neutral pH (6.8 – 8.0) by overestimating release in the acidic region and underestimating

release at higher pH. Fig. 5 also demonstrates the inadequate fit of the equilibrium model to

a single release profile. Here, the equilibrium model underestimated the initial phase of drug

release as it could not account for biphasic kinetics. In contrast, the model incorporating

interconversion kinetics is able to account for the rapid initial phase of drug release that

leads to lactone depletion followed by subsequent slower release limited by intravesicular

regeneration of lactone from the carboxylate.

Determination of species permeability coefficients

The apparent permeability coefficient, , is related to the apparent transport rate constant

at a given pH and the radius of the particle, r, as expressed by Eq. 4.

(4)

Using the release model that included the kinetics of ring-opening/closing, three TPT

species were determined to contribute to the liposomal transport. From these release rate

constants, permeability coefficients could be calculated for these species.

Based on the 100 nm liposomes used in these studies, the cationic and zwitterionic lactone

permeability coefficients were 2.4 × 10–10 cm/s and 1.5 × 10–8 cm/s while TPT carboxylate

zwitterion permeability coefficient was 3.0 × 10–9 cm/s. Generally, neutral, non-ionized

species are orders-of-magnitude more permeable than charged species; however, few
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zwitterions have been explored [26, 43, 44]. The permeability coefficient for the lactone

zwitterion determined from this work is similar to one obtained for the neutral, unionized

lactone species of another camptothecin analogue [26]. This is likely due to an

intramolecular interaction between the A-ring phenolate and dimethyl-ammonium

substituents. Because of their close proximity and orientation, the free energy required for

bilayer partitioning of this specie may be lower due to an electrostatic interaction or an

intramolecular hydrogen bond between the heteroatoms which would partially shield the

charge of each ion. This is supported by the large pKa shifts observed in aqueous solution

for the phenolic –OH (i.e., from 10.0 in phenol to 6.56 in TPT) and dimethyl-aminomethyl

substituent (from 8.93 in benzyldimethylamine to 10.5 in TPT), respectively. These shifts in

pKa are a direct consequence of the stabilization of the zwitterionic form in Scheme 3. A

similar effect has also been reported for other compounds with this same feature [45, 56],

and recent studies of TPT fluorescence lifetimes in aqueous solution have distinguished

intramolecular and bulk solution contributions to phenol deprotonation [54]. These

interactions may help explain the small but significant permeability of the cationic species,

Lp, seen in this study. Partial shielding of the cationic charge of Lp may be through hydrogen

bonding with the phenol which may be further stabilized by resonance forms that delocalize

the charge throughout TPT's conjugated ring structure.

Unlike the lactone zwitterion, the carboxylate form, Cn, does not offer the possibility of such

intramolecular interactions between adjacent charged residues. Without this feature, the

observed permeability may reflect the minor fraction of unionized neutral species, C0, as

depicted in Scheme 5.

To ascertain whether the observed permeability for the carboxylate could be attributable to

C0, the equilibrium constant between and Cn, K0,C, must be determined. This may be written

in terms of the fraction of the zwitterion, fz,C, and non-ionized, f0,C, species as expressed in

Eq. 5.

(5)

Using this ratio, a maximum permeability for C0 may be determined if one assumes C0 is

the sole specie contributing to the observed permeability of the carboxylate. Using this

assumption and a pKa3 of 10.5 for the dimethyl-amino group [45], the maximum

permeability coefficient is estimated to be 9.3 × 10–3 cm/s for C0.

To assess the significance of this permeability coefficient, comparison to the theoretical

maximum permeability, Pmax, is needed. Pmax can be described by diffusion-limited

transport through the boundary layer of a spherical particle. This is given by Eq. 6.

(6)

Here, the diffusivity of TPT, DTPT, was determined by the Stokes-Einstein equation for

diffusivity in water at 37 °C and a molecular volume of 366.8 Å3 (ACD labs). Based on this

information, DTPT was calculated to be 7.52 × 10–6 cm2/s and Pmax was estimated to be 1.50
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cm/s. While the estimated permeability coefficient of necessary to account for the

experimental data is below Pmax, it is still several orders of magnitude higher than that of

TPT's lactone zwitterion and another neutral, nonionized camptothecin of similar size [26].

This analysis suggests transport of the neutral, unionized ring-opened species is unlikely to

fully account for the transport observed. Other mechanisms that may stabilize the ring-

opened carboxylate zwitterion as it traverses the bilayer include: long-range intramolecular

substituent effects on membrane partitioning, formation of water bridges through the bilayer,

or ion-pairing within the barrier domain during TPT transport [57-61].

Conclusions

The pH dependent release of TPT from DSPC/m-PEG DSPE liposomes was characterized

and the contribution of the kinetics of the pH-dependent ring-closure reaction to this process

was assessed. These factors were incorporated into a mechanism-based mathematical model

to describe TPT release. Based on this model, three TPT species were determined to be

permeable to the membrane with the A-ring zwitterion form being the most permeable

species. Within a defined pH region lactone depletion resulted in ring-closure of the ring-

opened carboxylate form becoming at least partially rate-determining. A mathematical

model that assumed equilibrium between the lactone and ring-opened species was

inadequate in accounting for the complete profile for the dependence of t1/2 on pH and the

biphasic release kinetics observed at certain pH values. The mechanism-based model

developed in these studies will provide a basis for understanding the loading and release

kinetics of actively-loaded formulations of TPT.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Scheme 1.
The major species of TPT in solution in the low to neutral pH range. Two lactone forms are

present (Lp and Ln) differing in the state of ionization of the phenol on ring A. Reversible

hydrolysis of the ring may transform these species to their lactone E-ring may transform

these species to their carboxylate counterparts (Cn and Ca respectively).
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Scheme 2.
A schematic of the associated equilibria and kinetics governing liposomal release of TPT.

The liposome depicted with radius, r, highlights the volume compartments described in the

mathematical model. The different volume compartments are color coded with blue

highlighting the inner aqueous volume, , while the green and violet sections refer to the

inner, , and outer, , membrane volumes, respectively. The transport pathways and

binding/ionization equilibria for all species illustrated in Scheme 1 are also depicted and

described in the accompanying table (right).
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Scheme 3.
Phenol ionization on the A ring of TPT is governed by the acid dissociation constant, Ka1.
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Scheme 4.
The proposed mechanism for reversible, pH dependent ring opening of TPT from its lactone,

L, to carboxylate, CCOO-, form. Because ring opening proceeds through the carboxylic acid

species, CCOOH, ring opening increases as more carboxylate is formed at higher pH, as

governed by the acid dissociation constant for the E-ring carboxylic acid, KCOOH.
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Fig 1.
TPT excitation spectra at varying pH (3.50, 4.50, 5.50, 6.00, 6.27, 6.50, 6.80, 7.10, and 7.50)

obtained at an emission wavelength of 560 nm. As pH is increased, a red shift occurs with

maximum excitation shifting from 380 nm to 410 nm.
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Fig 2.
Ring opening/closing kinetics of TPT as a function of pH. The plots display the fractions of

total TPT in the lactone form (closed symbols) or carboxylate form (open symbols) versus

time at the same pH of 5.92 ( , ), 6.33( , ), 7.04 ( , ), 7.39 ( , ), or 7.67 (x, X). The

curves of matching color represent simultaneous fits of the kinetic interconversion model to

the lactone (solid lines) and carboxylate (dashed lines) data. Most interconversion occurred

within the first three hours while the inset shows that equilibrium was achieved.
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Fig 3.
Fraction of TPT retained in DSPC/DSPE-PEG2K liposomes vs. time at varying pH (right

panel displays only the first 6 hrs). Release studies were conducted at pH 3.35 , 4.10 ,

5.10 +, 5.93 , 6.33 , 7.04 , 7.39 , and 7.67 x. The solid curves of the same color

represent the simultaneous fit of the mechanism-based mathematical model developed in

this paper to the entire data set.
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Fig 4.
Liposomal TPT release profiles at pH 6.33 (A) and 7.04 (B). The observed fraction of total

TPT retained ( ) and the resulting fit to the model described within this paper ( ) are

shown. The simulated profiles of the lactone ( ) and ring-opened ( ) forms are also

displayed to illustrate the rapid depletion of the lactone. The lactone to carboxylate ratio, R

( ), is also shown to highlight the role of slow carboxylate → lactone conversion during

TPT release.
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Fig 5.
(A) Comparison of the experimental pH profile of TPT release half-lives ( ) to model fits

that account for the kinetics of lactone-carboxylate interconversion ( ) or assume

lactone-carboxylate equilibrium ( ). The equilibrium model was unable to account for

the steep changes in half-life in the neutral pH region. The blue section highlights the pH

region in which release was slowed by greater than 25% due to rate-limiting ring-closure.

(B) The biphasic release profile observed at pH 7.04 and the fits of models that either

include interconversion kinetics ( ) or assume interconversion equilibrium ( ).
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Scheme 5.
The equilibrium between TPT's carboxylate zwitterion and neutral, unionized form is

governed by K0,C.
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Table 1

Volume parameters used in TPT release studies.

Parameter Average Range

a 0.855 NA

b 0.145 NA

c 0.9997 0.9995 – 0.9999

d 0.0003 0.0001 – 0.0005

fv 0.0067 0.0024 – 0.0110
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