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Abstract
In vitro dissolution generally involves sink conditions, so dissolution equations generally do not need to accommodate non-sink 
conditions. Greater use of biorelevant media, which are typically less able to provide sink conditions than pharmaceutical sur-
factants, necessitates equations that accommodate non-sink conditions. One objective was to derive an integrated, one-parameter 
dissolution equation for percent dissolved versus time that accommodates non-sink effects via drug solubility and dissolution 
volume parameters, including incomplete solubility. A second objective was to characterize the novel equation by fitting it to 
biorelevant dissolution profiles of tablets of two poorly water-soluble drugs, as well as by conducting simulations of the effect of 

dose on dissolution profile. The Polli dissolution equation was derived, % dissolved = 100%
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 , where M0 

is the drug dose (mg), cs is drug solubility (mg/ml), V is dissolution volume (ml), and kd is dissolution rate coefficient (ml/mg per 
min). Maximum allowable percent dissolved was determined by drug solubility and not a fitted extent of dissolution parameter. 
The equation fit tablet profiles in the presence and absence of sink conditions, using a single fitted parameter, kd, and where solu-
bility ranged over a 1000-fold range. kd was generally smaller when cs was larger. FeSSGF provided relatively small kd values, 
reflecting FeSSGF colloids are large and slowly diffusing. Simulations showed impact of non-sink conditions, as well as plausible 
kd values for various cs scenarios, in agreement with observed kd values. The equation has advantages over first-order and z-factor 
dissolution rate equations. An Excel file for regression is provided.
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Introduction

Immediate-release (IR) in vitro dissolution media generally 
provide sink conditions, or at least 85% dissolution in 60 min 
(1). For example, United States Pharmacopeia (USP) disso-
lution of capsules of the poorly water-soluble drug aprepi-
tant employs 2.2% sodium lauryl sulfate (SLS) and a time 
specification at either 20 or 30 min, depending on the test 
(i.e., test 1, 2, or 3) (2). Aprepitant solubility without sur-
factant is only 3–7 µg/ml between pH 2–10 (3).

Because of this general practice of dissolution being 
designed to allow 85% or more dissolution, dissolution 

equations that are applied to percent dissolved versus time 
profiles often do not accommodate sink conditions (4–11). 
These equations are generally designed for 100% dissolu-
tion, like the in vitro test. Of course, these dissolution equa-
tions, particularly those in the simple analytical form percent 
dissolved as a function of time, have also been modified to 
allow for fitting of an extent of dissolution parameter when 
dissolution is incomplete (5, 6, 12, 13). Dissolution equa-
tions that are only available in differential equation (i.e., not 
in analytical or integrated form, such as z-factor dissolu-
tion rate equation for potential non-sink conditions) are not 
simple in that they cannot employ regression to fit to dis-
solution data, but rather require numerical integration (e.g., 
Runge–Kutta method using STELLA software) (14–17).

With the greater utilization of biorelevant media, there 
is a need for simple in vitro dissolution equations that 
accommodate and consider non-sink conditions, including 
incomplete dissolution due to insufficient solubility of all 
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drug dose. Biorelevant media, with a composition that is 
intended to mimic luminal chyme properties, often provides 
a lower drug solubility than do pharmaceutical surfactants 
or a pH selection in routine in vitro dissolution. For exam-
ple, the solubility of each of the weakly acidic, poorly solu-
ble drugs indomethacin, sulindac, ibuprofen, and naproxen 
was enhanced less than twofold in Fasted State Simulated 
Intestinal Fluid-Version 2 (FaSSIF-V2, pH 6.5), compared 
to buffer (18). Meanwhile, the USP medium for indometha-
cin capsules, sulindac tablets, ibuprofen tablets, and nap-
roxen tablets is pH 7.2 or 7.4 phosphate buffer (2). Similarly, 
celecoxib is a poorly water-soluble weak acid where only 
about 5–15% of a 200 mg celecoxib dose dissolves in pH 6.8 
phosphate buffer (19) or FaSSIF-V2 (20). Meanwhile, tier 1 
regulatory dissolution of celecoxib capsules employs pH 12 
sodium phosphate with 1% SLS (21).

More frequent use of biorelevant media will require dis-
solution equations, preferably simple equations without 
the need for numerical integration, that can accommodate 
non-sink conditions. Consistent with this perspective is that, 
for poorly water-soluble drugs, drug permeation across the 
gastrointestinal tract occurs even when drug is incompletely 
dissolved, allowing for subsequent additional drug dissolu-
tion (22). I am unaware of a simple (i.e., non-differential) 
dissolution equation for percent dissolved versus time that 
accommodates non-sink conditions via drug solubility and 
dissolution volume. For example, no such equation is listed 
in Polli et al. or Costa and Lobo (5, 6).

One objective was to derive an integrated (i.e., not differ-
ential), one-parameter dissolution equation for percent dis-
solved versus time that considered non-sink effects. Here, 
a one-parameter dissolution equation means that only one 
parameter (denoted the dissolution rate coefficient, kd) is 
fitted in regressing the equation to the dissolution data, with-
out the need for a fitted extent of dissolution parameter. A 
second objective was to characterize the novel dissolution 
equation by fitting the equation to biorelevant dissolution 
profiles of tablets of two poorly water-soluble drugs with 
the same 200 mg strength, as well as by conducting simula-
tions of the effect of dose. The two drugs were ibuprofen 
and ketoconazole, which are a weak acid and weak base, 
respectively. Biorelevant media were Fasted State Simulated 
Gastric Fluid (FaSSGF), FaSSIF-V2, Fed State Simulated 
Gastric Fluid (FeSSGF), and Fed State Simulated Intestinal 
Fluid-Version 2 (FeSSIF-V2), where drug solubility ranged 
over 1000-fold.

Results indicate that an equation for percent dissolved ver-
sus time was derived, where the maximum allowable percent 
dissolved was determined by drug dose, drug solubility, and 
dissolution volume. The equation was able to fit ibuprofen and 
ketoconazole tablet dissolution profiles. As perhaps expected, 
the dissolution rate coefficient kd was generally smaller when 
drug solubility (cs) was larger. However, FeSSGF provided 

relatively small kd values, reflecting that FeSSGF colloids are 
large and slowly diffusing. Simulations of the effect of dose 
on dissolution profile revealed the expected impact of non-
sink conditions, as well as plausible kd values for various cs 
scenarios, in agreement with observed kd values. The derived 
equation, with only a one fitted parameter, will have practical 
utility in fitting percent dissolved versus time profiles, includ-
ing when non-sink conditions prevail. The derived equation is 
simple, in that it is an integrated form and is not a differential 
equation, such that only non-linear regression and not numeri-
cal integration is needed to fit the equation to dissolution data. 
An Excel file for regression is provided.

Theoretical

Derivation of Polli Dissolution Equation

A novel equation is derived for drug dissolution. The equa-
tion (i.e., Eq. 21 below) is an applied equation, in that the 
equation is anticipated to be practically applied to percent 
dissolved versus time profiles.

Drug dissolution rate is assumed to proceed, in part, due 
to the amount of drug that is not dissolved, i.e.:

where M is the mass undissolved. The familiar first-order 
dissolution equation also considers undissolved mass as the 
driving force of dissolution.

A potential barrier to the rate of dissolution is lack of sink 
conditions. M0 is the drug dose (i.e., M = M0 at t = 0), not all 
of which may potentially dissolved if drug solubility (cs) 
and/or dissolution volume (V) is too low. That is, if cs and/
or V is excessively low, M0 may not completely dissolve at 
even infinite time. Hence, an additional familiar impact on 
drug dissolution rate is the gradient between drug solubility 
and drug bulk concentration, i.e.:

Non-sink conditions are not explicitly defined here, 
although non-sink conditions is a familiar concept where 
bulk drug concentration becomes sufficiently high relative 
to cs (e.g., over 33%), such that dissolution rate is hindered.

Considering these two factors (i.e., Eqs. 1 and 2), drug 
dissolution rate is:

Interestingly, while the above two factors are familiar factors 
in dissolution equation, I am unaware of Eq. 3 as an expression 
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for dissolution rate, or the availability of its solution (e.g., Eqs. 18 
or 21 below). Equation 3 differs from the well known, and cer-
tainly more fundamental, film equation (i.e., Fick’s first law):

where A, D, h, and cb are area, diffusivity, film thickness, 
and drug bulk concentration, respectively. While this differ-
ence between Eq. 3 and Fick’s first law may appear modest, 
Fick’s first law is certainly more fundamental, while Eq. 3, 
per below, has novel practical application in fitting dissolu-
tion profiles.

In order to solve Eq. 3:

Integrating yields:

Substituting M = M0 at t = 0 yields:
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With a view to simplify where M = M0 at t = 0:

Hence, M = M0 at t = 0, and M = M0 − csV at t = infinite time.
As M is the mass undissolved, expressing dissolution in terms 

of mass dissolved (Md) and percent dissolved (% dissolved):

Of note, Eqs. 11–21 are solutions to Eq. 3, the differential 
form of this Polli dissolution equation. Equation 21 is the 
solution form of Eq. 3 that directly reflects percent dissolved 
versus time and denoted the Polli dissolution equation. kd is 
the only fitted parameter, with the expectation that M0, cs, 
and V are known.

The Polli Dissolution Equation Under Sink 
Condition: Collinearity of kd and cs

Under sink conditions (i.e., cs >> M0
−M

V
 ), Eq. 3 yields:
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Similarly, under sink conditions (i.e., M0 << csV), 
Eq. 21 yields:

Hence, when sink conditions prevail (e.g., during at least 
initial dissolution), the value of kd will be impacted by the 
value of cs, as the two parameters are collinear.

Methods

Application to Ibuprofen 200 mg and Ketoconazole 
200 mg Tablet Dissolution Profiles

Ibuprofen and ketoconazole IR tablets were selected as 
model drug products since they have the same dose (i.e., 
200 mg) but differ in solubility profile, in part since ibu-
profen is a weak acid and ketoconazole is a weak base. IR 
tablets were selected to maximize the impact of drug dose 
and drug solubility on dissolution profile (i.e., IR tablets 
were selected to minimize the impact of formulation on dis-
solution profile). That said, it is recognized that IR formula-
tion (e.g., excipients, process) can impact dissolution, and 
that ibuprofen 200 mg (Major Pharmaceuticals, Livonia, MI) 
and ketoconazole 200 mg tablets (Teva Generics, Pomona, 
NY) differ in formulation, such their differing dissolution 
profiles may reflect differing formulation, in addition to 
differing drug solubilities. Ibuprofen tablets include excipi-
ents colloidal silicon dioxide, corn starch, croscarmellose 
sodium, hypromellose, iron oxide red, iron oxide yellow, 
microcrystalline cellulose, polyethylene glycol, polysorbate 
80, stearic acid, and titanium oxide (23). Ketoconazole tab-
lets include excipients colloidal silicon dioxide, corn starch, 
lactose monohydrate, magnesium stearate, microcrystalline 
cellulose, and povidone (24).

Dissolution and solubility data in FaSSGF, FaSSIF-V2, 
FeSSGF, and FeSSIF-V2 from location A was previously 
reported (25). Dissolution of each tablet (n = 12) in 500 ml 
of “from scratch” biorelevant media had been performed. 
For each individual profile, Eq. 21 was fitted to percent 
dissolved versus time data, using Excel Solver (Microsoft, 
Redmond, WA; version 2206). Solver is a free Microsoft 
Excel add-in program from Microsoft and is intrinsic to 
Excel, although may need to be initially loaded into Excel. 
In Eq. 21, regression fit kd, while dose (M0) was 200 mg, 
volume (V) was 500 ml, and solubility (cs) was assigned 
from solubility measurement. Profiles reached terminal 
dissolution value at differing times. Hence, fits to profiles 
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employed dissolution data up to and including 30 min (for 
ibuprofen/FaSSIF-V2, ibuprofen/FeSSIF-V2, ketoconazole/
FaSSGF, and ketoconazole/FaSSIF-V2) or 60 min (for ibu-
profen/FaSSGF, ibuprofen/FeSSGF, ketoconazole/FeSSGF, 
and ketoconazole/FeSSIF-V2).

Simulations of the Effect of Dose on Dissolution 
Profile

In order to complement fits to ibuprofen 200 mg and keto-
conazole 200 mg tablet dissolution profiles, simulations in 
each 900 ml and 250 ml were performed to assess the effect 
of dose on dissolution profile. Using Eq. 21, simulations var-
ied dose (i.e., 1, 10, 100, and 1000 mg) and drug solubility 
(i.e., 0.01, 0.1, 1, and 10 mg/ml). Simulations employed a kd 
range of 0.01 to 10 ml/mg per min, as fits to observed data 
below show kd ranged from 0.0154 to 4.59 ml/mg per min.

Results

Ibuprofen 200 mg and Ketoconazole 200 mg Tablet 
Dissolution Profiles: Profile Fits

Figures 1, 2, 3, and 4 plot the observed and fitted dissolution 
profiles into FaSSGF, FaSSIF-V2, FeSSGF, and FeSSIF-V2, 
respectively. As noted in Table I, ibuprofen/FaSSGF (Fig. 1), 
ketoconazole/FaSSIF-V2 (Fig. 2), and ketoconazole/FeSSIF-
V2 (Fig. 4) showed incomplete dissolution due to inability 
of 500 ml of media to completely solubilize drug dose of 
200 mg. Nevertheless, the Polli dissolution equation (i.e., 
Eq. 21) was able to adequately fit profiles. The median r2 
(from n = 12 profiles) for ibuprofen in FaSSGF, FaSSIF-V2, 
FeSSGF, and FeSSIF-V2 was 0.98, 0.98, 0.88, and 0.98, 
respectively, and median r2 (from n = 12 profiles) for keto-
conazole in FaSSGF, FaSSIF-V2, FeSSGF, and FeSSIF-V2 
was 0.99, 0.69, 0.95, and 0.96, respectively.

In Fig.  2, the fit of ketoconazole in FaSSIF-V2 was 
dominated by cs, where cs anticipated only 1.3% of dose to 
dissolve, although 2.1% dissolved (Table I), resulting in a 
relatively low r2 (median r2 = 0.69); however, observed and 
fitted profiles were close (Fig. 2). The fit with the largest 
difference between observed and fitted profiles was ibupro-
fen/FeSSGF, reflecting the shape of Eq. 21 was less able to 
accommodate the more linear observed dissolution profile 
(Fig. 3). Overall, Eq. 21 was able to adequately fit profiles.

Ibuprofen 200 mg and Ketoconazole 200 mg Tablet 
Dissolution Profiles: Impact of cs on kd

Table I lists mean kd values from fits, where drug/medium 
are listed in Table I in order of solubility, from highest to 
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Fig. 1  Observed and fitted dis-
solution profiles into FaSSGF. 
Ibuprofen dissolution reflected 
that only 16.2% of 200 mg dose 
was soluble in the 500 ml of 
dissolution media. Fits used 
Eq. 21, where the maximum 
percent dissolved was deter-
mined solely by drug solubility 
(Table I)

Fig. 2  Observed and fitted dis-
solution profiles into FaSSIF-
V2. Ketoconazole dissolution 
reflected that only 1.3% of 
200 mg dose was soluble in the 
500 ml of dissolution media

Fig. 3  Observed and fit-
ted dissolution profiles into 
FeSSGF. Both profiles reflect 
that FeSSGF colloids are large 
and slowly diffusing, such that 
drug dissolution was slow. For 
each drug, kd was the slow-
est in FeSSGF than any other 
biorelevant media. Dissolution 
was also slowed, particularly 
for ketoconazole, since non-
sink conditions prevailed (i.e., 
ibuprofen and ketoconazole 
required 169 ml and 359 ml 
FeSSGF to completely dissolve)

Page 5 of 16 1



The AAPS Journal (2023) 25:1 

1 3

lowest. As perhaps expected, kd was generally smaller when 
cs was larger, as the two parameters are collinear.

Drug solubility ranged over 1000-fold, from 11.2 mg/ml 
for ketoconazole in FaSSGF to 0.00518 mg/ml for ketocona-
zole in FaSSIF-V2. Per Eq. 3, dissolution rate is determined 
by the product of kd, mass undissolved, and drug solubility, 
at least initially. Similarly, under sink conditions, the fitted 
value of kd will be impacted by the value of cs. In Table I, the 
two highest solubility scenarios are ketoconazole/FaSSGF 
(cs = 11.2 mg/ml) and ibuprofen/FeSSIF-V2 (cs = 1.76 mg/
ml). Sink conditions prevailed in each scenario (e.g., only 
114 ml FeSSIF-V2 needed to dissolve dose). For this com-
parison, kd was smaller when cs was larger (i.e., ketocona-
zole/FaSSGF kd = 0.0154 ml/mg per min was smaller than 
ibuprofen/FeSSIF-V2 kd = 0.0780 ml/mg per min).

This trend was generally observed across Table I. The 
smallest kd was for the scenario with the highest solubility, 
ketoconazole/FaSSGF; the largest kd was as for the scenario 
with the lowest solubility, ketoconazole/FaSSIF-V2. Of note, 

individual estimates for ketoconazole/FaSSIF-V2 kd varied 
widely, reflecting rapid achievement of the low terminal 
extent of dissolution, but were at least 0.420 ml/mg per min 
for any individual profile.

An exception to this trend were both drugs in FeSSGF, 
where ibuprofen/FeSSGF yielded a relatively low 
kd = 0.0303  ml/mg per min and ketoconazole/FeSSGF 
yielded a relatively low kd = 0.0550 ml/mg per min. Here, 
drug dissolution rate is assumed to be limited by diffusion 
of drug-loaded FeSSGF colloid from drug particle to bulk 
solution. But, FeSSGF colloids are large and slowly diffus-
ing relative to other biorelevant media colloids (26). In the 
context of results in Table I, a relatively low kd for dissolu-
tion in FeSSGF is consistent with FeSSGF colloid being 
large and slowly diffusing.

The other exception to the trend was ibuprofen/FaSSGF, 
where limited solubility anticipates that only 16.2% of dose 
can dissolve. Fitted kd was only 0.0668 ml/mg per min. The 
reason for this exception to the observed trend is unknown. 

Fig. 4  Observed and fitted dis-
solution profiles into FeSSIF-
V2. Ketoconazole dissolution 
reflected that only 48.2% of 
200 mg dose was soluble in the 
500 ml of dissolution media

Table I  Mean kd Values from Fits to Ibuprofen 200  mg and Keto-
conazole 200  mg Tablet Dissolution Profiles. Mean and Standard 
Error of the Mean (SEM). Also Listed Are Drug Solubility, as well as 

Observed Terminal Percent Dissolved at 60 min and Expected Termi-
nal Percent Dissolved Based on Solubility. Drug/Medium Are Listed 
in Order of Solubility, from Highest to Lowest

Drug/medium Solubility (mg/ml) Observed 
terminal percent 
dissolved

Expected terminal percent dissolved based on 
solubility

kd (SEM) (ml/mg per min)

Ketoconazole/FaSSGF 11.2 99.0 100 0.0154 (0.0024)
Ibuprofen/FeSSIF-V2 1.76 97.4 100 0.0780 (0.0048)
Ibuprofen/FaSSIF-V2 1.57 94.2 100 0.0732 (0.0034)
Ibuprofen/FeSSGF 1.18 93.8 100 (requires 169 ml FeSSGF to dissolve dose) 0.0303 (0.0023)
Ketoconazole/FeSSGF 0.558 14.0 100 (requires 359 ml FeSSGF to dissolve dose) 0.0550 (0.0007)
Ketoconazole/FeSSIF-V2 0.193 52.9 48.2 0.247 (0.021)
Ibuprofen/FaSSGF 0.0650 12.1 16.2 0.0668 (0.0019)
Ketoconazole/FaSSIF-V2 0.00518 2.1 1.30 4.59 (1.38)
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However, this perhaps slower than expected dissolution kd for 
ibuprofen/FaSSGF is a reminder of the simplified dissolution 
model underpinning this analysis (i.e., Eq. 3). That is, other 
potential considerations were not explicitly considered (e.g., 
effect of excipients and tablet manufacturing process). For 
example, relative to other biorelevant media, FaSSGF has a 
very low pH of 1.6, which could result in excipients in ibu-
profen tablets, or the tablet structure of ibuprofen tablets, to 
slow drug dissolution, beyond the pH effect on ibuprofen cs.

Simulations of the Effect of Dose on Dissolution 
Profile

Table II summarizes results from simulations in 900 ml 
using Eq. 21 where dose was varied across four levels (i.e., 
1, 10, 100, and 1000 mg), cs was varied across four levels, 
and kd was varied across four levels. Given the above poten-
tial collinearity of cs and kd, dose effect was inspected in 
Table II across the range of kd values, for each drug solubil-
ity level. As expected, qualitatively, dose effect ranged from 
essentially no effect at high solubility to pronounced effect at 
low solubility. For example, in Table II, there was essentially 
no dose effect when cs = 10 mg/ml, since that high solubility 
resulted in rapid (i.e., 85% in 30 min) and complete dis-
solution for even the most dissolution adverse condition of 
1000 mg and kd = 0.01 ml/mg per min.

Figures S1-4 in Supplementary Materials plots all 900 ml 
simulation results. Selected simulations in each 900 ml and 
250 ml are discussed immediately below, which employed 
doses (M0) of 1, 10, 100, and 1000 mg.

Figure 5 plots the impact of dose on dissolution profile 
into 900 ml (panel A) and 250 ml (panel B) when drug solu-
bility cs = 1 mg/ml and kd = 0.1 ml/mg per min. For 900 ml 
simulations, there was essentially no dose effect, other than 
slightly incomplete dissolution for 1000 mg. One milligram, 
10 mg, and 100 mg were rapidly dissolving. From Fig S2, 
simulation in 900 ml implicates that kd = 0.01 ml/mg per 
min is probably too low for most IR applications when 
cs = 1 mg/ml. Compared to 900 ml, the dose most impacted 
by a lower dissolution profile in 250 ml was 1000 mg (panel 
B of Fig. 5).

Figure 6 plots the impact of dose on dissolution profile 
into 900 ml (panel A) and 250 ml (panel B) when drug solu-
bility cs = 0.1 mg/ml and kd = 1 ml/mg per min. Figure 7 uses 
the same simulation parameters as Fig. 6, except kd = 0.1 ml/
mg per min. In each Figs. 6 and 7, there was a dose effect 
for 900 ml simulations. With progressively slower kd, each 
profile progressively slowed (Fig S3). This sensitivity to kd 
contrasts with the relative insensitivity of dissolution to kd 
when cs was 10 mg/ml (Fig S1) or 1 mg/ml (Fig S2). Overall, 
simulations in 900 ml implicate that a kd value of 0.1 ml/mg 
per min is low but plausible when cs = 0.1 mg/ml. Compared 
to 900 ml, the dose most impacted by a lower dissolution 

profile in 250 ml when cs = 0.1 mg/ml was the 100 mg dose 
for each kd = 1 ml/mg per min and kd = 0.1 ml/mg per min 
(panel B of Fig. 6 and panel B of Fig. 7, respectively).

Figure 8 plots the impact of dose on dissolution profile 
into 900 ml (panel A) and 250 ml (panel B) when drug solu-
bility cs = 0.01 mg/ml and kd = 10 ml/mg per min. For 900 ml 
simulations, there was a large dose effect, and sink condi-
tions prevailed only for the 1 mg dose. With the low cs value, 
dissolution of the 1 mg dose with kd of 10 ml/mg per min 
was rapid, but just minimally. Simulations in 900 ml impli-
cate that kd = 1 ml/mg per min is low but plausible value 
when cs = 0.01 mg/ml (Fig S4). Compared to 900 ml, the 
dose most impacted by a lower dissolution profile in 250 ml 
was 10 mg (panel B of Fig. 8).

Agreement Between Observed Dissolution Profiles 
and Simulations: Implications About kd

A general trend from observed dissolution profile fits in 
Table I is that kd was generally smaller when cs was larger. 
kd ranged from 0.0154 to 4.59 ml/mg per min from the high-
est to lowest drug solubility scenarios, respectively. Hence, 
simulations employed a kd range of 0.01 to 10 ml/mg per min. 
Four observations about kd are described in Table I and dis-
cussed below relative to fits of observed dissolution profiles.

From cs = 10 mg/ml simulations in 900 ml, it was con-
cluded that the high solubility of 10 mg/ml results in rapid 
and complete dissolution, even for kd = 0.01 ml/mg per min. 
Only ketoconazole/FaSSGF had a solubility over 10 mg/ml, 
where immediate and complete dissolution was character-
ized by a fitted kd of 0.0154 ml/mg per min. Hence, observed 
dissolution profile was supportive of simulations.

From cs = 1 mg/ml simulations in 900 ml, it was con-
cluded that kd = 0.01 ml/mg per min is probably too low 
for most IR applications when cs = 1 mg/ml. Although cs 
exceeded 1 mg/ml for several drug/media scenarios, no fitted 
kd was less 0.0154 ml/mg per min, supporting this simula-
tion conclusion.

From cs = 0.1 mg/ml simulations in 900 ml, it was con-
cluded that kd = 0.1 ml/mg per min is low but plausible 
value when cs = 0.1 mg/ml. Ketoconazole/FeSSIF-V2 and 
ibuprofen/FaSSGF were scenarios with cs of about 0.1 mg/
ml, and their fitted kd were 0.247 and 0.0668 ml/mg per 
min, respectively. There was general support from disso-
lution data of this conclusion from simulations, although 
dissolution data suggest that kd < 0.1 ml/mg per min when 
cs = 0.1 mg/ml is possible. These results remind that, even 
for IR tablets, several factors can slow dissolution, such as 
excipients and tablet processing effects.

From cs = 0.01 mg/ml simulations in 900 ml, it was 
concluded that kd value of 1 ml/mg per min is a low but 
plausible value for 0.01 mg/ml solubility. Ketoconazole/
FaSSIF-V2 scenario had a cs of about 0.01 mg/ml. Its fitted 
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kd was 4.59 ml/mg per min, in support of the conclusion 
from simulations.

Overall, there was good agreement between observed 
dissolution profiles and simulations about the expected 
range of kd values of IR products, including kd trending 
smaller when cs is high.

Discussion

Need for Applied Dissolution Equations that Can 
Accommodate Non‑sink Conditions

IR in vitro dissolution media generally provide sink condi-
tions, or at least 85% dissolution in 60 min (1). With the 
greater utilization of biorelevant media, there is a need 

for in vitro dissolution equations that accommodate and 
consider non-sink conditions, including incomplete dis-
solution due to insufficient solubility of all drug dose. 
Biorelevant media often provides a lower drug solubility 
than pharmaceutical surfactants.

For example, FaSSIF (pH = 6.5) increased carvedilol 
solubility only about 1.2-fold, compared to buffer, to 
55.9 µg/ml (27). Meanwhile, 1% SLS (pH = 6.8) increased 
carvedilol solubility about 70-fold, compared to buffer, to 
about 1400 µg/ml (28). FaSSIF increased griseofulvin sol-
ubility only about 3%, compared to buffer, to about 12 µg/
ml (29). Meanwhile, 1% SLS increased griseofulvin solu-
bility about 85-fold to about 941 µg/ml (30). Posaconazole 
solubility at pH 6.5 is 0.27 µg/ml (31). FaSSIF and 0.3% 
SLS increased posaconazole solubility to 1.7 µg/ml and 
31.2 µg/ml, respectively (32). Cinnarizine solubility at pH 

Fig. 5  Impact of dose on dis-
solution profile into 900 ml and 
250 ml when drug solubility 
cs = 1 mg/ml and kd = 0.1 ml/mg 
per min. Simulations employed 
dose (M0) of 1, 10, 100, and 
1000 mg. A and B are 900 ml 
and 250 ml, respectively. Com-
pared to 900 ml, the dose most 
impacted by a lower dissolution 
profile in 250 ml was 1000 mg
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6.5 is 0.16 µg/ml (33). FaSSIF-V2 and 2% SLS increased 
cinnarizine solubility to 2.82 µg/ml and 120 µg/ml, respec-
tively (34).

Utility and Advantages of Polli Dissolution Equation

In general, one major application of equation fitting is to 
summarize data (i.e., data reduction) (35). Dissolution data is 
frequently subjected to equation fitting, with subsequent anal-
ysis such predicting absorption, physiologically based biop-
harmaceutics modeling (PBBM), in vitro-in vivo correlation, 
or comparison of dissolution profiles (36–40). For example, 
the FDA guidance on IR dissolution testing recognizes 
model-depended approaches compare profiles (1). The Hix-
son-Crowell equation has been used to compare profiles (5). 
In forecasting the in vivo impact of roller compaction scale 
up, dissolution data was fit to several dissolution equations, 

including a modified Higuchi equation (41, 42). Carducci 
has described the development of a real-time-release testing 
strategy that involves curve fitting to dissolution profiles, fol-
lowed by regression of the curve fit parameters against the 
critical material attributes, critical processing parameters, 
and/or near-infrared (NIR) data (43). In similar cases, the 
Polli dissolution equation (i.e., Eq. 21, or Eq. 3) has poten-
tial application. Figure S5 shows the impact of kd value on 
potential “safe space” dissolution profiles into 900 ml when 
drug solubility cs = 0.1 mg/ml and dose = 10 mg.

Also, a shown here, the Polli dissolution equation has 
utility in fitting and summarizing dissolution data with a 
single parameter, when cs is known and regardless of sink 
condition prevailing or not prevailing. With only a fit sin-
gle parameter, potential for model over-parameterization or 
poor model identifiability is low. Some other dissolution 
equations, such as Weibull equation, have at least two fitted 

Fig. 6  Impact of dose on dis-
solution profile into 900 ml and 
250 ml when drug solubility 
cs = 0.1 mg/ml and kd = 1 ml/
mg per min. A and B are 900 ml 
and 250 ml, respectively. Com-
pared to 900 ml, the dose most 
impacted by a lower dissolution 
profile in 250 ml was 100 mg
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parameters, which can be a disadvantage in data reduction, 
particularly if such data summarization is intended to be 
used in subsequent analysis (e.g., profile comparisons, a real-
time-release testing strategy, parameter sensitivity assess-
ment). The Polli dissolution equation is a relatively simple, 
non-differential equation. Excel software was used here to fit 
dissolution data. Included is an Excel file with instructions 
for the non-linear regression of the Polli dissolution equa-
tion to conventional dissolution data (i.e., percent dissolved 
versus time data). The Excel file requires the free and sim-
ple Excel Solver add-in. Since Eq. 21 is the solution to the 
differential form of the equation (i.e., Eq. 3), software that 
performs numerical integration is not needed.

Dissolution equations that are applied to percent dis-
solved versus time profiles often do not accommodate sink 
conditions, since sink conditions are commonplace (4–11). 
These dissolution equations have also been modified to 

allow for fitting of an extent of dissolution parameter when 
dissolution is incomplete (12, 13). Equation 21 intrinsically 
considers non-sink conditions. No extent of dissolution 
parameter was needed, although cs was needed.

Comparison of Polli Equation to the First‑Order 
Dissolution Equation

A common equation for fitting percent dissolved versus time 
profiles is the familiar first-order Eq. (44, 45), whose dif-
ferential and solution forms are, respectively:

(25)dM
/

dt
= −k

first
M

(26)% dissolved = 100%
(

1 − e
−kfirst t

)

Fig. 7  Impact of dose on dis-
solution profile into 900 ml and 
250 ml when drug solubility 
cs = 0.1 mg/ml and kd = 0.1 ml/
mg per min. A and B are 900 ml 
and 250 ml, respectively. Com-
pared to 900 ml, the dose most 
impacted by a lower dissolution 
profile in 250 ml was 100 mg
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Equation 3, the differential form of the Polli question, 
has similarity to the above differential first-order dissolu-
tion equation (i.e., Eq. 25). Both are more applied equa-
tions than mechanistic equations, although both employ 
undissolved mass as the driving force for dissolution rate, 
which is often an acknowledgeable factor of dissolution 
rate. Under sink conditions, Eq. 3 yields Eq. 22 above, 
which is practically indistinguishable from the differen-
tial first-order equation. However, relative to Eq. 21, a 
limitation of the first-order equation is that its solution 
does not accommodate a solubility limit impact on per-
cent dissolved. Of course, such a solubility limit impact 
can be added to the first-order equation if an impact of 
solubility on extent of dissolution had been observed or 
expected, yielding:

But, this decision-making is undesirable. Equation 21 has 
the advantage of not needing to conduct such decision-mak-
ing, since potential non-sink condition effects are intrinsic 
to Eq. 21. Equation 21 can be employed in the presence and 
absence of sink conditions.

Of course, Eq. 21 will not be able to fit many dissolu-
tion profile shapes, such as sigmoidal profiles due to slow 
disintegration. kd is constant, although could be modified 
to be a function of time to accommodate other shapes. The 
Weibull equation is generally recognized as a function that 
has broad success in fitting a range of dissolution profile 
shapes. This advantage is in part due to it containing two 

(27)% dissolved = 100%

(

c
s

M
0

/

V

)

(

1 − e
−kfirst t

)

Fig. 8  Impact of dose on dis-
solution profile into 900 ml and 
250 ml when drug solubility 
cs = 0.01 mg/ml and kd = 10 ml/
mg per min. A and B are 900 ml 
and 250 ml, respectively. Com-
pared to 900 ml, the dose most 
impacted by a lower dissolution 
profile in 250 ml was 10 mg
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fitted parameters (i.e., time factor τ and shape factor β), a 
potential disadvantage, particularly if such data reduction 
is intended to be used in subsequent analysis (e.g., dissolu-
tion profile comparisons, a real-time-release testing strategy, 
parameter sensitivity assessment). Additionally, like above 
for the first-order equation, the Weibull equation does not a 
priori accommodate non-sink condition effects.

Comparison of Polli Equation to the z‑Factor 
Dissolution Rate Equation

The z-factor dissolution rate equation with sink conditions 
is (14, 15):

where z = 3D

h�r
0

 , where z is the particle dissolution z-factor, 
D is drug diffusion coefficient in the media, h is diffusion 
layer thickness, ρ is the particle density, and r0 is the initial 
particle radius. Although the units of kd and the particle dis-
solution z-factor can be considered the same (i.e., ml/mg per 
min), kd and z are not identical, by inspection of Eq. 3 versus 
Eq. 28. Equations 3 and 28 differ from one another in that 
Eq. 3 includes k

d
M term, while Eq. 28 includes zM1∕3

0
M2∕3 

term. In general, in fitting profiles, fitted kd values can be 
expected to be greater than fitted z values, since M < 
M

1∕3

0
M2∕3 when t > 0.

Although Eq. 28 was derived by considering spheri-
cal, uniform-sized particle dissolution, it is in practice 
an applied equation (14,16). For example, Hofsass and 
Dressman describe z-factor (i.e., z) as a hybrid parameter 
with potential pitfalls (16), particularly in application to 
solid oral dosage forms, where particles are typically nei-
ther spherical and uniform-sized, nor immediately avail-
able for dissolution.

Furthermore, particle size of drug in the formulation is 
often not available, such that applications of the z-factor 

(28)dM
/

dt
= −zM

1∕3

0
M

2∕3

(

c
s
−

M
0
−M

V

)

dissolution rate equation often do not employ particle size, 
but rather utilize Eq. 28 for data reduction and simulation 
(46, 47). For example, Heimbach et al. determined the safe 
space for etoricoxib tablets by employing a PBBM model 
that used the z-factor dissolution rate equation for data 
reduction (46). Without regard to particle size, simulations 
at each pH 6.8 and 2.0 were conducted where z-factor was 
varied in a in stepwise fashion until the simulated Cmax was 
at least 20% reduced, to define the safe space. Similarly, the 
z-factor dissolution rate equation was used to fit in vitro dis-
solution data of lesinurad IR tablets, for subsequent pharma-
cokinetic modeling (47). However, particle distribution was 
not an input parameter set, but rather a fitted parameter set.

A limitation of Eq. 28 is that the equation is practically 
only available in the differential form, necessitating the need 
for software such as GastroPlus, SAAM II, or STELLA that 
can perform numerical integration (14–17). Compared to 
z-factor, the Polli equation has the advantage of not needing 
such software to fit dissolution profiles, as it is an analytical 
solution and hence does not need numerical integration meth-
ods but only regression. Of note, Pepin et al. have provided 
an Excel file with macros to perform numerical integration 
to fit the z-factor dissolution rate equation, in the context of 
an approach employing a certain input parameter set (47).

Table III compares characteristics of the Polli equation to 
the z-factor dissolution rate equation under non-sink condi-
tions, and points towards the simplicity of the Polli equation 
as a strength. Other particle dissolution rate equations are the 
Johnson equation and the Wang-Flanagan equation (11,17). 
Like the z-factor dissolution rate equation, a well-appreciated 
strength of these equations is ability to simulate particle size 
effects on dissolution. However, they also require numerical 
integration to fit dissolution data (14–17). Most particle dis-
solution models assume spherical shape, which is typically 
not the case. Drug particle size distribution and shape are 
often not known in formulated tablets, attenuating the poten-
tial advantage of such particle dissolution models, and per-
haps creating opportunity for model over-parameterization. 
Meanwhile, with only a single fitted parameter, Eq. 21 does 

Table III  Comparison of Characteristics of the Polli Dissolution 
Equation and the z-Factor Dissolution Rate Equation. Because It Is an 
Analytical, the Polli Equation Expresses Percent Dissolved as a Func-
tion of Time and Can Fit Dissolution Data via Non-linear Regression. 

Meanwhile, the z-Factor Dissolution Rate Equation Is a Differential 
Equation, Requiring Numerical Integration Methods to Fit the Equa-
tion to Dissolution Data

Characteristic Polli dissolution equation (Eq. 21) z-factor dissolution rate equation (Eq. 28)

Expression that accommodates sink conditions
% dissolved = 100%

[

1 −
(M0

−c
s
V)

M
0
−csVe

−kd

(

M0−csV

V

)

t

]

  

dM
/

dt
= −zM

1∕3

0
M2∕3

(

c
s
−

M
0
−M

V

)

Nature of expression Analytical solution (i.e., not a differential equa-
tion, but its integrated solution)

Differential equation

Requirements to fit dissolution data (relative 
degree of difficulty)

Non-linear regression (simple) Numerical integration (greater than simple)
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not assume any particular particle distribution or shape, but 
only that drug mass is a driving force for dissolution, with 
drug solubility (i.e., non-sink conditions) potentially reduc-
ing dissolution. Likewise, while z in Eq. 28 can be considered 
an explicit function of drug diffusion coefficient, which may 
or may not be known (26, 29), Eq. 21 does not assume any 
particular drug transport phenomena beyond drug mass as a 
driving force for dissolution, with potential non-sink effects. 
Interesting, as noted above, FeSSGF here provided relatively 
small kd values, reflecting that FeSSGF colloids are large and 
slowly diffusing.

Conclusion

The main objective was to derive a dissolution equation for 
percent dissolved versus time that considered non-sink effects, 
including incomplete solubility in dissolution media. Equa-
tion 21 was derived, where the maximum allowable percent 
dissolved was determined by drug solubility, and without a 
fitted extent of dissolution parameter. The equation, denoted 
the Polli dissolution equation, was able to fit ibuprofen and 
ketoconazole dissolution profiles in biorelevant media, using 
a single fitted parameter, kd. Equation 21 was fit to dissolution 
profiles without regard to sink conditions, and where solubility 
ranged over a 1000-fold range. kd was generally smaller when 
cs was larger. FeSSGF provided relatively small kd values, 
reflecting that FeSSGF colloids are large and slowly diffusing. 
Simulations showed the impact of non-sink conditions, as well 
as plausible kd values for various cs scenarios, in agreement 
with observed kd values. The Polli equation accommodated 
non-sink condition effects, including whether or not solubil-
ity limits dissolution to less than 100%. This accommodate is 
intrinsic to the equation. The equation has advantages over the 
use of the first-order and z-factor dissolution rate equations. An 
Excel file for regression is provided.
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