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Abstract
Background  Phosphate buffer is often used as a replacement for the physiological bicarbonate buffer in pharmaceutical dis-
solution testing, although there are some discrepancies in their properties making it complicated to extrapolate dissolution 
results in phosphate to the in vivo situation. This study aims to characterize these discrepancies regarding solubility and 
dissolution behavior of ionizable compounds.
Methods  The dissolution of an ibuprofen powder with a known particle size distribution was simulated in silico and veri-
fied experimentally in vitro at two different doses and in two different buffers (5 mM pH 6.8 bicarbonate and phosphate).
Results  The results showed that there is a solubility vs. dissolution mismatch in the two buffers. This was accurately predicted 
by the in-house simulations based on the reversible non-equilibrium (RNE) and the Mooney models.
Conclusions  The results can be explained by the existence of a relatively large gap between the initial surface pH of the drug 
and the bulk pH at saturation in bicarbonate but not in phosphate, which is caused by not all the interfacial reactions reach-
ing equilibrium in bicarbonate prior to bulk saturation. This means that slurry pH measurements, while providing surface 
pH estimates for buffers like phosphate, are poor indicators of surface pH in the intestinal bicarbonate buffer. In addition, it 
showcases the importance of accounting for the H2CO3-CO2 interconversion kinetics to achieve good predictions of intestinal 
drug dissolution.
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Introduction

Being a precondition of active pharmaceutical ingredient 
(API) absorption, dissolution is often a critical process in 
drug product performance. This is particularly true when 
dealing with poorly soluble Biopharmaceutics Classification 

System (BCS) class II and IV compounds. Therefore, much 
research has been invested into understanding and modelling 
the process. Since 1904, the Nernst-Brunner model (which 
actually is a refinement of the Noyes-Whitney model) has 
been cornerstone in dissolution modelling. This model can 
be described by the following equation [1]:

qdiss	� is the quantity dissolved at time t
D         �is the diffusion coefficient of the solute
A         �is the total surface area of the dissolving solute at 

time t
h          �is the thickness of the diffusion layer
Cs        �is the solute concentration at the solid surface
Vdiss    �is the volume of the dissolution medium

It has been typically assumed that the surface concen-
tration value equals the saturation solubility, with the net 
“jumping” of solute molecules from the solid to the solution 
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phase being much faster than the subsequent diffusion, 
though sometimes this might not be the case [2]. For disso-
lution in reactive media this assumption has been made too 
together with another assumption that the typical reaction 
times are much shorter than the diffusion times.

The reactions most commonly encountered during the 
dissolution of API’s are the proton-transfer reactions under-
gone by ionizable molecules in buffered and non-buffered 
aqueous media. Modelling this dissolution scenario started 
with the work of Higuchi et al. in 1958 [3] and reached a 
milestone with seminal papers of Mooney et al. in 1981 [4, 
5]. Mooney et al. used the mass balances of the reactions 
(and implicitly the charge balance) to calculate the surface 
pH and accordingly the surface concentrations of the differ-
ent reacting species. The resulting model gives surface API 
concentrations deviating a bit from the saturation solubility 
values due to the reacting species having non-equal diffusion 
coefficients. Another version of this model, using spherical 
polar co-ordinates, was developed by Ozturk et al. in 1988 
[6] and combined with the physiologically-based approach 
of GastroPlus® (which by itself has not included surface pH 
calculations unlike softwares like SymCyp® and gCOAS®) 
[7]. Nevertheless, the use of saturated slurry concentration 
as a surface concentration value remained widespread in the 
pharmaceutical field.

One challenge to those models assuming all species to 
be at equilibrium came with the bicarbonate buffer, which 
happens to be the physiological buffer in the human intes-
tine. In the case of this buffer, the very rapid proton transfer 
reactions are not the only ones involved as shown below:

The interconversion kinetics of carbon dioxide and 
carbonic acid are not much faster than typical diffusional 
kinetics with hydration and dehydration times bracketing 
the diffusional ones [8]. Al-Gousous et al. accounted for that 
in their reversible non-equilibrium (RNE) model by balanc-
ing the reaction and diffusion rates ultimately deriving an 
expression for an apparent interfacial effective pKa value 
lower than that in the bulk and dependent on the diffusion 
layer thickness [8]. It was found that “lower effective pKa” 
at the solute–solvent interface leads to weaker interfacial 
buffering (especially given that the in vivo intestinal bicar-
bonate molarities are not high) [9] and accordingly consider-
ably slower dissolution rates than in typical pharmaceutical 
buffers based on phosphate [10]. However, at the same time, 
the buffering capacity of bicarbonate in bulk was found to 
be strong (with the bulk pKa of 6.1 being within the intesti-
nal pH range) and even additionally enhanced by its phase-
heterogenous nature [11].

A buffer with two different buffer capacities (one in bulk 
and one at the solid–liquid interface) can have implications 
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for the solubility vs dissolution behavior of an ionizable 
compound. This is because saturation necessarily means 
equilibrium between all the involved species throughout the 
system while dissolution does not. Therefore, this work aims 
to investigate the effect of the aforementioned discrepancies 
on ionizable API dissolution and solubility in bicarbonate 
buffer and the associated implications in pharmaceutical 
development.

Materials and Methods

Materials

Ibuprofen 50 powder was received as a gift from BASF SE 
(Ludwigshafen, Germany). Sodium chloride (Ph. Eur.), 
Sodium hydrogen carbonate (Ph. Eur.), Sodium dihydrogen 
phosphate dihydrate (Ph. Eur.) and di-Sodium hydrogen 
phosphate dodecahydrate (Ph. Eur.) were purchased from 
Carl Roth GmbH + Co. KG (Karlsruhe, Germany). Sodium 
dodecyl sulfate (SDS) was obtained from Merck KGaA 
(Darmstadt, Germany).

Preparation of Ibuprofen Powder 
and Determination of the Particle Size Distribution

The ibuprofen 50 powder was sieved dry for ten minutes 
with a sieve shaker (AS 200 control, Retsch GmbH, Haan, 
Germany) to narrow down the particle size distribution. The 
fraction between the sieves with a mesh size of 80 µm and 
125 µm respectively was used further on. The particle size 
distribution analysis was performed with dry powder using 
a laser diffraction particle size analyzer (Beckman Coulter 
LS 23 320, Beckman Coulter Inc., Miami, FL, USA). The 
airflow was set to 420 L/min, the pressure to 740 torr and 
the obscuration to 6%.

Microscopy

The microscopic image was taken using an Axioscope 5 
microscope with an Axiocam 208 color camera and a 
N-Achroplan 5x/0,15 objective. All of this was manufactured 
by Carl Zeiss Microscopy Deutschland GmbH, Oberkochen, 
Germany and purchased from OptoSys GmbH, Darmstadt, 
Germany.

Buffer Preparation

To prepare the dissolution media deionized water was 
deaerated using a PT-DDS 4 (PharmaTest, Hainburg, 
Germany) at 30°C for 2 h. The water was allowed to 
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cool down overnight. After dissolving the buffer salts in 
deaerated water at room temperature, the pH of the 5 mM 
phosphate buffer was adjusted to 6.8 ± 0.05 using 0.1 N 
HCl/NaOH and a WTW pH 538 pH meter with an WTW 
SenTix®81 plus electrode (both Xylem Inc., Washington, 
D. C., USA) as described by Blechar et al. [12]. The ionic 
strength of both buffers was adjusted to 154 mM with 
NaCl. The pH values were also checked after reaching a 
temperature of 37°C. The pH of the 5 mM bicarbonate 
buffer (molarity selected based on average of duodenal 
bicarbonate molarity in two publications [13, 14]) was 
adjusted with a mixture of CO2 and air in the dissolution 
apparatus, as described by Al-Gousous et al. [15].

Dissolution Test

The dissolution test was performed in triplicate using a PTW 
S III dissolution tester (PharmaTest, Hainburg,Germany). 
The dissolution of the ibuprofen powder was tested in a pad-
dle apparatus (USP Type II apparatus) at 50 rpm. The test 
was performed in a total volume of 900 mL at 37°C. The 
ibuprofen was pre-dispersed in a tube by fractionized addi-
tion of 10 mL deionized water containing sodium dodecyl 
sulfate (SDS) at a concentration equal to 25% of the critical 
micelle concentration (CMC) [16] and under continuous 
stirring. The suspension was added to the 880 mL of buffer 
already in the dissolution vessel. Afterwards the tube was 
rinsed with 10 mL of buffer, which was also added to the 
dissolution vessel. At predefined time points, 5 mL sam-
ples were withdrawn with a syringe and not replaced with 
medium. The samples were filtered through 0.45 µm PTFE 
filters (purchased from Carl Roth GmbH, Karlsruhe, Ger-
many) and quantified spectrophotometrically (UV–visible 
spectrophotometer, Thermo Scientific EVOLUTION 201, 
ThermoFisher Scientific, Waltham, MA, USA) at the wave-
length of 222 nm. During the experiment with bicarbonate 
buffer, the dissolution media was sparged with a mixture of 
CO2 (SAPHIR, Air Liquide S.A., Paris, France) and air to 
adjust the pH accordingly, and the dissolution was started 
after the pH in all three vessels was stabilized at 6.8 ± 0.05 
for at least 15 min [17]. The pH was measured continuously 
in one of the vessels during dissolution, and, for the 2000 
mg dose, the pH was also measured at the end of the dis-
solution in all three vessels.

In Silico Simulations

For surface pH, the equations of Mooney’s model [4, 5] in 
phosphate and the RNE model [8] in bicarbonate without 
deleting the bulk drug concentration term (to account for 
saturation at high doses) were used. These were combined 
with the Nernst-Brunner model [1] adapted for particle 

dissolution. The diffusion layer thickness (or more appro-
priately resistance to mass transfer) was calculated using the 
Wang-Flanagan method in a way similar to what was done 
Avdeef et al. [18, 19]. The detailed equations and the used 
values for physicochemical parameters are shown in the sup-
plementary material. The equations were solved using the 
NDSolve command in Mathematica version 13.1 (Wolfram 
Research, Champaign, IL, USA).

Results

Particle Size Distribution

Table I shows the particle size distribution results for the 
ibuprofen powder. The median particle radius was 34.8 µm 
with an interquartile range of 21.2 to 50.9 µm. Despite the 
sieving there were particles above and below the used mesh 
sizes. This could be due to the need for longer sieving time 
and the aspect ratio of the particles not being one, while 
LPD assumes the particles to be spherical (See Fig. 1).

Dissolution

The experimental results confirmed the Mathematica® 
simulations’ prediction that ibuprofen has a higher 
(roughly double) saturation solubility in 5 mM pH 6.8 
bicarbonate compared to 5 mM pH 6.8 phosphate (Fig. 2).

Table I   The Particle Size 
Distribution of the Sieved 
Ibuprofen Powder. Values are 
Mean ± Standard Deviation

% Cumulative 
undersize

Radius (µm)

10 10.8 ± 0.40
25 21.2 ± 0.46
50 34.8 ± 0.49
75 50.9 ± 0.51
90 67.2 ± 0.97
99 94.9 ± 3.55

Fig. 1   Microscopic image of the ibuprofen particles.
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The experimental  results also confirmed the in sil-
ico prediction, that in the absence of saturation, disso-
lution in 5 mM phosphate is faster than in bicarbonate, 

taking almost half the time to reach 50% dissolution 
(Fig. 3) despite the lower saturation solubility. This is fur-
ther supported by the initial dissolution (before saturation 
effects take their toll) being faster for phosphate also at the 
2000 mg dose, as seen at the 5-min point (the difference is 
statistically significant with the t-test giving a p-value of 
less than 0.05). The faster initial dissolution in phosphate 
at the 2000 mg dose was also predicted by our in silico 
model, albeit with an earlier intersection of the two curves. 
In general, dissolution profile predictions for the 200 mg 
dose were superior to those for the 2000 mg dose (but the 
final saturation solubility levels reached by the 2000 mg 
dose were accurately predicted as seen in Table II).

Besides the dissolution of ibuprofen, the Mathematica® 
simulation also predicted the decrease of the pH curve 
under non-sink conditions (Fig. 4).

Some values of major  simulated and experimental 
parameters are summarized in Table II.

Discussion

Dissolution and Solubility Predictions

The RNE and Mooney model-based simulations coded 
in Mathematica gave fair to very good predictions of the 
dissolution and solubility behavior of ibuprofen in bicar-
bonate and phosphate buffers. The dissolution rate pre-
dictions for the 2000 mg dose in bicarbonate were the 
least accurate. This is because the model did not incorpo-
rate a finite mass transfer rate of carbon dioxide between 
the aqueous and gaseous phases in the sparged system. 
Instead, it assumed that the equilibration between dis-
solved and gaseous carbon dioxide would be instantaneous 

Fig. 2   Dissolution profiles of 2000 mg ibuprofen in 5 mM phosphate 
buffer (orange) and 5 mM bicarbonate buffer (blue) at a starting pH 
of 6.8. The lines are the theoretical simulated curves while the dots 
are the experimental data points (n = 3).

Fig. 3   Dissolution profile of 200 mg ibuprofen in 5 mM phosphate 
buffer (orange) and 5 mM bicarbonate buffer (blue) at a starting pH 
of 6.8. The solid curves are the theoretical simulations while the dots 
are the experimental data points (n = 3).

Table II   Values of Major Simulated and Experimental Parameters

a  Van Slyke calculation method for phosphate [20]
b  Al-Gousous et al. [11] and James N. Butler [21] calculation method for sparged bicarbonate
c  Range for bicarbonate because of particle size dependence

Bicarbonate 
5 mM pH 6.8

Phosphate 5 mM pH 6.8

Bulk buffer capacity (mM/ΔpH) 11.52b 2.87a

CO2 partial pressure (atm) 0.042 Not relevant
Initial surface pHc, 4.81–5.31 5.50
Initial surface solubility of ibuprofen (mM)b 0.98–2.5 3.72
200 mg dose Final bulk pH, simulated 6.70 6.41

Final bulk pH, experimental (n = 1) 6.69 6.36
2000 mg dose Final bulk pH, simulated 5.63 5.35

Final bulk pH, experimental (n = 3) 5.67 ± 0.00 5.38 ± 0.00
Final bulk solubility (mM), simulated 4.93 2.72
Final bulk solubility (mM), experimental (n = 3) 4.79 ± 0.09 2.54 ± 0.06
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thus underestimating the accumulation kinetics of the car-
bon dioxide in the bulk (generated by the reaction between 
ibuprofen and bicarbonate). However, the final solubility 
was still highly accurately predicted since long enough 
time was given for equilibration. The maximum relative 
prediction error for dissolution in bicarbonate for the 2000 
mg dose was 57% at the earliest timepoint of 5 min. The 
issues associated with CO2 volatility could be made less 
problematic by adopting the floating lid method proposed 
by Sakamoto and Sugano, which would obviate the need 
for sparging during drug product dissolution [22].

An additional factor contributing to those deviations in 
bicarbonate (and in this case also phosphate) at the 2000 

mg dose, was the formation of a particle-rich cloud (not a 
real cone or heap but rather a cloud) below the paddle (See 
Fig. 5d). This was not observed for the 200 mg dose in neither 
buffer (probably due to the extensive dissolution as well as 
lower particle “concentration”), which explains why highly 
superior predictions for the 200 mg dose were observed in 
both buffers (the maximum relative prediction error for the 
dissolved fraction of the 200 mg dose was 15.6% and was 
observed in bicarbonate at the 5 min timepoint).

An important finding is related to the reversed rank order 
of saturation solubility vs dissolution kinetics in the absence 
of saturation in the two buffers. This solubility vs dissolu-
tion rate mismatch may seem counter-intuitive at the first 
glance, but it can be easily explained. It is because while 
the initial surface pH in phosphate is not that far from the 
pH at saturation, bicarbonate shows a large gap between the 
initial surface and saturation pH values. The reason behind 
that lies in the fact that, while in phosphate buffer all the 
reactions occurring at the interface are at equilibrium, the 
H2CO3-CO2 interconversion fails to reach equilibrium at the 
surface of the dissolving ibuprofen particles in bicarbonate 
prior to saturation. As a result, bicarbonate will act as if it had 
two different buffer capacities: One at the interface and one in 
bulk. This results in the initial surface pH being much lower 
than  the bulk pH at saturation. As saturation is approached, 
this gap closes as the whole system (both the bulk and, con-
sequently, the interface) approaches equilibrium (Fig. 6).

One in silico observation might seem counter-intuitive 
at first glance, namely the increase in the surface pH of 

Fig. 4   Change of bulk pH during the dissolution of 2000 mg ibupro-
fen in 5 mM phosphate buffer (orange) and 5 mM bicarbonate buffer 
(blue) at a starting pH of 6.8. The solid curves are the theoretical sim-
ulations while the dots are the experimental data points.

Fig. 5   Distribution of the 
ibuprofen particles during the 
dissolution experiment. The 
images show 200 mg (a) and 
2000 mg (b) at t3min and 200 mg 
(c) and 2000 mg (d) at t60min.
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ibuprofen in bicarbonate despite the decreasing bulk pH 
with drug dissolution and accumulation as shown in Fig. 6. 
This is because as the drug accumulates in the bulk fluid, 
the system approaches equilibrium as saturation is being 
approached and the main buffer role shifts from the con-
sumed bicarbonate to the accumulating drug molecules. And 
since the equilibrium pH is higher than the initial surface 
pH, the surface pH will be increasing with time.

Implications

This has important implications for surface pH estimation 
methods. Slurry pH has typically been the method of choice 
[23–25] While this works fine for ordinary buffers like phos-
phate [25], it leads to erroneous estimates in bicarbonate. 
Therefore, surface pH in bicarbonate needs to be estimated 
either theoretically through mathematical modelling or 
through the use of indicator dyes which would be a compli-
cated procedure. The major limitation of theoretical models 
like the RNE model used in this work is the possible interfa-
cial self-association of some drugs when the interfacial con-
centrations exceed a certain threshold. This can be accounted 
for by characterizing the phase-solubility behavior as a func-
tion of pH [26]. Another surface pH estimation method could 
be through matching intrinsic dissolution rates in bicarbonate 
to those in phosphate. An additional implication is related to 
solubility estimation in human intestinal fluid (HIF). This 
gap between the surface and bulk saturation pH values means 
that solubilities in HIF should be taken with caution when 
used to predict dissolution rates. This is because solubility 
measurements are associated with an equilibrium, which is 
a poor indicator of interfacial buffering by bicarbonate (the 
principal buffer of HIF) when saturation is not reached.

Another complication is related to surrogate buffers. 
The concept of replacing bicarbonate with an appropriately 

designed surrogate phosphate buffer has been proposed [27, 
28] and successfully applied [29] before. This provides a 
way for circumventing the technical difficulties associated 
with bicarbonate by designing a phosphate buffer giving a 
similar surface pH of the drug. This, however, applies rather 
to BCS class II than BCS class IV compounds. For a BCS 
class II compound like ibuprofen, the high permeability of 
the API molecule prevents accumulation in the bulk of intes-
tinal fluid. This means that having the surface pH predicted 
correctly is sufficient for in vivo-predictive in silico model-
ling methods and surrogate in vitro testing method design. 
However, the situation can be different with a BCS class IV 
compound, especially if the dose is high. In this case, the 
accumulation of the poorly permeating drug can result in 
large bulk pH shifts that need to be accounted for during 
predictive in silico modelling and in vitro testing method 
design. Since the discrepancy between the initial surface 
pH and the saturation pH is large in bicarbonate, designing 
the surrogate in vitro buffer will involve a difficult choice 
between basing the design on the initial surface pH or the 
changing bulk pH value near saturation. This could also be 
affected by the pH-restoring action of the intestinal epithe-
lial ion transporters in vivo, which needs to be investigated 
further.

On a more positive note, mechanistically sound surface 
pH and accordingly interfacial solubility models for bicarbo-
nate, can help in expanding biowaivers to weakly acidic BCS 
class II (also called BCS class IIa [30]) compounds, an idea 
that has been floated before [30, 31]). In this case, interfacial 
solubility values in bicarbonate can guide us to compounds 
for which the dissolution rate in intestinal bicarbonate can 
realistically be so fast that the gastric emptying would be 
the rate limiting step of the overall absorption if formula-
tion factors allow it. For instance, if the ibuprofen powder 
tested in this study had had a 60% smaller particle size (this 

2000 mg ibuprofen, bicarbonate

Bulk pH

Surface pH

Bulk pH

Surface pH

2000 mg ibuprofen, phosphate

Fig. 6   Simulated surface vs bulk pH profiles in bicarbonate and phos-
phate during the dissolution of the 2000 mg dose. Six different sur-
face pH curves exist for bicarbonate representing the surface pH of 

the six particle size fractions since, in bicarbonate, surface pH varies 
with particle size [10].
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would mean a median particle size of 28 µm which not unre-
alistic) it would have probably passed the very rapidly dis-
solving criterion. This shows in a mechanism-based manner 
that achieving in vivo intestinal dissolution rates that make 
gastric emptying the rate-limiting step of overall absorption 
is possible for some BCS class II acidic compounds (even 
at the relatively low bicarbonate molarities present in the 
duodenum), and thus the idea of biowaiver extension to them 
warrants consideration. Furthermore, availability of mecha-
nistic models can help to guide the formulators to develop 
products that fulfill the necessary criteria for such a (for the 
time being) hypothetical biowaiver.

Limitations

Two limitations were discussed previously: The assumption 
of immediate equilibration between the dissolved and gase-
ous CO2 and the particle-rich cloud formation below the 
paddle at the 2000 mg dose. Additional limitations include:

•	 Ibuprofen free acid can dimerize with a log Kdimer of 
4.67 ± 0.07 at 22°C [32]. This would have, at least in 
theory, no effect on the pH solubility profile (especially 
if the pKa were estimated by a solubility method, which 
was the case for the pKa estimate used here) since the 
impacts of the errors in intrinsic solubility and pKa 
estimates for the monomeric form will cancel out each 
other [33]. However, it would mean that the diffusiv-
ity of the free acid dimer would be lower than that 
of the monomeric free acid and, accordingly, of the 
ionized species for which the same diffusivity as that 
of the protonated monomer was assumed. The effect, 
as shown in the simulation results outlined in Fig. 7, 
is small because most of the flux under the relevant 
surface pH conditions pertains to the ionized species. 

The ionized form does not show evidence of aggrega-
tion at surface pH values lower than 6 [26]. In addition, 
the change in diffusivity is not large since the relation-
ship with molecular weight is not linear [34]. Since the 
dimerization constant value at 37°C is not available, 
the simulations were performed assuming the most 
extreme case of almost all the protonated molecules 
being dimerized.

•	 Our model did not account for the possible effects of 
electrical field gradients generated during ion diffusion. 
However, with the background electrolyte (NaCl) con-
centration being at least 29.8 times higher than that of 
any fluxing ionic species, this effect is expected to be 
very small [35]. In addition, the differences in the diffu-
sivities between the ionic species whose movement con-
stitutes the dominant portion of ionic fluxes (HCO3

− and 
deprotonated ibuprofen in the case of bicarbonate and 
H2PO4

−, HPO4
2− and deprotonated ibuprofen in the case 

of phosphate) is not as large as in the case of unbuffered 
media where the role of the fluxes of H+ and OH− fluxes 
and their high diffusion coefficients would gain in promi-
nence.

•	 The shape of the particles is not spherical but elon-
gated prismatic. The effect of the different geometries 
is reduced by the LPD calculating an equivalent spheri-
cal radius (though not completely eliminated because 
the surface area to volume ratio is not exactly the same, 
which is a limitation of this study). The sphericity 
assumption will underestimate the surface area to vol-
ume ratio, but the impact of this is opposed by that of 
the underestimation of the resistance to mass transfer 
because of the introduction of a higher (assumed) curva-
ture. Curvature enhances the flux density at the interface 
compared to a flatter surface [18]. A detailed analysis of 
those effects is beyond the scope of this work.

Fig. 7   Predicted vs observed dissolution of 200 mg ibuprofen (a) and 
2000 mg ibuprofen (b) in 5 mM phosphate buffer (orange) and 5 mM 
bicarbonate buffer (blue) when assuming almost complete dimeri-
zation (dashed curve) of the non-ionized ibuprofen species vs no 

dimerization (solid curves). In phosphate the dashed curve is partially 
obscured by the solid one at the 200 mg dose and completely at the 
2000 mg dose.
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Conclusion

While fairly accurate for must buffers, saturated slurry pH 
is a poor indicator of surface pH in bicarbonate and can lead 
to erroneous conclusions regarding intestinal drug dissolu-
tion. Alternatively in silico and/or in vitro approaches can 
be used to overcome this problem. Accounting for this issue 
is needed to improve predictions of intestinal dissolution of 
ionizable BCS class II compounds and for any attempt to 
extend biowaivers to BCS class IIa drugs.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s11095-​024-​03702-5.

Authors’ Contribution  Felix Claussen: Methodology, Data acquisition 
and analysis, Writing – original draft, Writing – review & editing; Jozef 
Al-Gousous: Conceptualization, Methodology, Model design, Simula-
tion, Writing – original draft, Writing – review & editing, Supervision; 
Niloufar Salehi: Model design, data interpretation, Writing – review & 
editing; Mauricio A. Garcia: Data interpretation, Methodology, Writ-
ing – review & editing; Gordon L. Amidon: Data interpretation, Writ-
ing – review & editing; Peter Langguth: Resources, Writing – review 
& editing, Supervision.

Funding  Open Access funding enabled and organized by Projekt 
DEAL. This research did not receive any specific grant from funding 
agencies in the public, commercial, or not-for-profit sectors.

Data Availability  The datasets generated during and/or analyzed dur-
ing the current study are available from the corresponding author on 
reasonable request.

Declarations 

Conflicts of Interest  There is no conflict of interest affecting the col-
lection, analyses, or interpretation of data, in the writing of the manu-
script, or in the decision to publish the results.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

	 1.	 Nernst W. Theorie der Reaktionsgeschwindigkeit in heterogenen 
Systemen. Z Phys Chem. 1904;47U:52–5. https://​doi.​org/​10.​1515/​
zpch-​1904-​4704.

	 2.	 Paus R, Ji Y, Braak F, Sadowski G. Dissolution of Crystalline 
Pharmaceuticals: Experimental Investigation and Thermodynamic 
Modeling. Ind Eng Chem Res. 2015;54:731–42. https://​doi.​org/​
10.​1021/​ie503​939w.

	 3.	 Higuchi WI, Parrott EL, Wurster DE, Higuchi T. Investigation of 
Drug Release from Solids II.**School of Pharmacy, University 
of Wisconsin, Madison, Wis. J Am Pharm Assoc (Scientific ed). 
1958;47:376–83. https://​doi.​org/​10.​1002/​jps.​30304​70522.

	 4.	 Mooney KG, Mintun MA, Himmelstein KJ, Stella VJ. Dissolution kinet-
ics of carboxylic acids I: effect of pH under unbuffered conditions. J 
Pharm Sci. 1981;70:13–22. https://​doi.​org/​10.​1002/​jps.​26007​00103.

	 5.	 Mooney KG, Mintun MA, Himmelstein KJ, Stella VJ. Dissolu-
tion kinetics of carboxylic acids II: effect of buffers. J Pharm Sci. 
1981;70:22–32. https://​doi.​org/​10.​1002/​jps.​26007​00104.

	 6.	 Ozturk SS, Palsson BO, Dressman JB. Dissolution of ioniz-
able drugs in buffered and unbuffered solutions. Pharm Res. 
1988;5:272–82. https://​doi.​org/​10.​1023/A:​10159​70502​993.

	 7.	 Hens B, Seegobin N, Bermejo M, Tsume Y, Clear N, McAllis-
ter M, et al. Dissolution challenges associated with the surface 
pH of drug particles: integration into mechanistic oral absorp-
tion modeling. AAPS J. 2022;24:17. https://​doi.​org/​10.​1208/​
s12248-​021-​00663-0.

	 8.	 Al-Gousous J, Salehi N, Amidon GE, Ziff RM, Langguth P, 
Amidon GL. Mass transport analysis of bicarbonate buffer: effect 
of the CO2-H2CO3 hydration-dehydration kinetics in the fluid 
boundary layer and the apparent effective p Ka controlling dis-
solution of acids and bases. Mol Pharm. 2019;16:2626–35. https://​
doi.​org/​10.​1021/​acs.​molph​armac​eut.​9b001​87.

	 9.	 Mudie DM, Amidon GL, Amidon GE. Physiological parameters 
for oral delivery and in vitro testing. Mol Pharm. 2010;7:1388–
405. https://​doi.​org/​10.​1021/​mp100​149j.

	10.	 Salehi N, Al-Gousous J, Mudie DM, Amidon GL, Ziff RM, 
Amidon GE. Hierarchical mass transfer analysis of drug particle 
dissolution, highlighting the hydrodynamics, pH, particle size, 
and buffer effects for the dissolution of ionizable and nonion-
izable drugs in a compendial dissolution vessel. Mol Pharm. 
2020;17:3870–84. https://​doi.​org/​10.​1021/​acs.​molph​armac​eut.​
0c006​14.

	11.	 Al-Gousous J, Sun KX, McNamara DP, Hens B, Salehi N, Lang-
guth P, et al. Mass transport analysis of the enhanced buffer capac-
ity of the bicarbonate-CO2 buffer in a phase-heterogenous sys-
tem: physiological and pharmaceutical significance. Mol Pharm. 
2018;15:5291–301. https://​doi.​org/​10.​1021/​acs.​molph​armac​eut.​
8b007​83.

	12.	 Blechar JA, Al-Gousous J, Wilhelmy C, Postina AM, Getto M, 
Langguth P. Toward mechanistic design of surrogate buffers for 
dissolution testing of pH-dependent drug delivery systems. Phar-
maceutics. 2020. https://​doi.​org/​10.​3390/​pharm​aceut​ics12​121197.

	13.	 Bucher GR, Flynn JC, Robinson CS. The action of the human 
small intestine in altering the composition of physiological saline. 
J Biol Chem. 1944;155:305–13. https://​doi.​org/​10.​1016/​S0021-​
9258(18)​43200-0.

	14.	 Repishti M, Hogan DL, Pratha V, Davydova L, Donowitz M, 
Tse CM, Isenberg JI. Human duodenal mucosal brush bor-
der Na(+)/H(+) exchangers NHE2 and NHE3 alter net bicar-
bonate movement. Am J Physiol Gastrointest Liver Physiol. 
2001;281:G159–63. https://​doi.​org/​10.​1152/​ajpgi.​2001.​281.1.​
g159.

	15.	 Al-Gousous J, Ruan H, Blechar JA, Sun KX, Salehi N, Langguth 
P, et al. Mechanistic analysis and experimental verification of 
bicarbonate-controlled enteric coat dissolution: Potential in vivo 
implications. Eur J Pharm Biopharm. 2019;139:47–58. https://​doi.​
org/​10.​1016/j.​ejpb.​2019.​03.​012.

	16.	 Holmberg K. Surfactants. In: Ullmann's Encyclopedia of Indus-
trial Chemistry. Weinheim, Germany: Wiley-VCH Verlag GmbH 
& Co. KGaA; 2000. p. 1–56. https://​doi.​org/​10.​1002/​14356​007.​
a25_​747.​pub2.

	17.	 McNamara DP, Whitney KM, Goss SL. Use of a physiologic 
bicarbonate buffer system for dissolution characterization of 

https://doi.org/10.1007/s11095-024-03702-5
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1515/zpch-1904-4704
https://doi.org/10.1515/zpch-1904-4704
https://doi.org/10.1021/ie503939w
https://doi.org/10.1021/ie503939w
https://doi.org/10.1002/jps.3030470522
https://doi.org/10.1002/jps.2600700103
https://doi.org/10.1002/jps.2600700104
https://doi.org/10.1023/A:1015970502993
https://doi.org/10.1208/s12248-021-00663-0
https://doi.org/10.1208/s12248-021-00663-0
https://doi.org/10.1021/acs.molpharmaceut.9b00187
https://doi.org/10.1021/acs.molpharmaceut.9b00187
https://doi.org/10.1021/mp100149j
https://doi.org/10.1021/acs.molpharmaceut.0c00614
https://doi.org/10.1021/acs.molpharmaceut.0c00614
https://doi.org/10.1021/acs.molpharmaceut.8b00783
https://doi.org/10.1021/acs.molpharmaceut.8b00783
https://doi.org/10.3390/pharmaceutics12121197
https://doi.org/10.1016/S0021-9258(18)43200-0
https://doi.org/10.1016/S0021-9258(18)43200-0
https://doi.org/10.1152/ajpgi.2001.281.1.g159
https://doi.org/10.1152/ajpgi.2001.281.1.g159
https://doi.org/10.1016/j.ejpb.2019.03.012
https://doi.org/10.1016/j.ejpb.2019.03.012
https://doi.org/10.1002/14356007.a25_747.pub2
https://doi.org/10.1002/14356007.a25_747.pub2


945Pharmaceutical Research (2024) 41:937–945	

ionizable drugs. Pharm Res. 2003;20:1641–6. https://​doi.​org/​10.​
1023/a:​10261​47620​304.

	18	 Wang J, Flanagan DR. General solution for diffusion-controlled 
dissolution of spherical particles. 1. Theory. J Pharm Sci. 
1999;88:731–8. https://​doi.​org/​10.​1021/​js980​236p.

	19.	 Avdeef A, Tsinman K, Tsinman O, Sun N, Voloboy D. Minia-
turization of powder dissolution measurement and estimation of 
particle size. Chem Biodivers. 2009;6:1796–811. https://​doi.​org/​
10.​1002/​cbdv.​20090​0082.

	20.	 Hulanicki A. Reactions of acids and bases in analytical chemistry. 
Chichester: Ellis Horwood; 1987.

	21.	 Butler JN. Carbon dioxide equilibria and their applications. New 
York: Routledge; 2019.

	22.	 Sakamoto A, Sugano K. Dissolution Profiles of Poorly Soluble 
Drug Salts in Bicarbonate Buffer. Pharm Res. 2023;40:989–98. 
https://​doi.​org/​10.​1007/​s11095-​023-​03508-x.

	23	 Serajuddin AT, Jarowski CI. Effect of diffusion layer pH and solu-
bility on the dissolution rate of pharmaceutical acids and their 
sodium salts. II: Salicylic acid, theophylline, and benzoic acid. 
J Pharm Sci. 1985;74:148–54. https://​doi.​org/​10.​1002/​jps.​26007​
40209.

	24.	 Pudipeddi M, Zannou EA, Vasanthavada M, Dontabhaktuni A, 
Royce AE, Joshi YM, Serajuddin ATM. Measurement of surface 
pH of pharmaceutical solids: a critical evaluation of indicator dye-
sorption method and its comparison with slurry pH method. J 
Pharm Sci. 2008;97:1831–42. https://​doi.​org/​10.​1002/​jps.​21052.

	25.	 Uekusa T, Avdeef A, Sugano K. Is equilibrium slurry pH a good 
surrogate for solid surface pH during drug dissolution? Eur J 
Pharm Sci. 2022;168:106037. https://​doi.​org/​10.​1016/j.​ejps.​2021.​
106037.

	26.	 Cristofoletti R, Dressman JB. Dissolution Methods to Increasing 
Discriminatory Power of In Vitro Dissolution Testing for Ibupro-
fen Free Acid and Its Salts. J Pharm Sci. 2017;106:92–9. https://​
doi.​org/​10.​1016/j.​xphs.​2016.​06.​001.

	27.	 Krieg BJ, Taghavi SM, Amidon GL, Amidon GE. In vivo predic-
tive dissolution: comparing the effect of bicarbonate and phos-
phate buffer on the dissolution of weak acids and weak bases. 
J Pharm Sci. 2015;104:2894–904. https://​doi.​org/​10.​1002/​jps.​
24460.

	28.	 Mudie DM, Samiei N, Marshall DJ, Amidon GE, Bergström CAS. 
Selection of in vivo predictive dissolution media using drug sub-
stance and physiological properties. AAPS J. 2020;22:34. https://​
doi.​org/​10.​1208/​s12248-​020-​0417-8.

	29.	 Hofmann M, García MA, Al-Gousous J, Ruiz-Picazo A, Thier-
inger F, Nguyen MA, et al. In vitro prediction of in vivo absorp-
tion of ibuprofen from suspensions through rational choice of dis-
solution conditions. Eur J Pharm Biopharm. 2020;149:229–37. 
https://​doi.​org/​10.​1016/j.​ejpb.​2020.​02.​009.

	30.	 Tsume Y, Langguth P, Garcia-Arieta A, Amidon GL. In silico 
prediction of drug dissolution and absorption with variation in 
intestinal pH for BCS class II weak acid drugs: ibuprofen and 
ketoprofen. Biopharm Drug Dispos. 2012;33:366–77. https://​doi.​
org/​10.​1002/​bdd.​1800.

	31.	 Sheng JJ, Kasim NA, Chandrasekharan R, Amidon GL. Solubili-
zation and dissolution of insoluble weak acid, ketoprofen: effects 
of pH combined with surfactant. Eur J Pharm Sci. 2006;29:306–
14. https://​doi.​org/​10.​1016/j.​ejps.​2006.​06.​006.

	32.	 Zöller L, Avdeef A, Karlsson E, Borde A, Carlert S, Saal C, Dressman 
J. A comparison of USP 2 and µDISS Profiler™ apparatus for study-
ing dissolution phenomena of ibuprofen and its salts. Eur J Pharm Sci. 
2024;193:106684. https://​doi.​org/​10.​1016/j.​ejps.​2023.​106684.

	33.	 Avdeef A, Voloboy D, Foreman A. Dissolution and Solubility. In: 
Comprehensive Medicinal Chemistry II: Elsevier. 2007. p. 399–
423. https://​doi.​org/​10.​1016/​B0-​08-​045044-​X/​00134-6.

	34.	 Avdeef A. Leakiness and size exclusion of paracellular chan-
nels in cultured epithelial cell monolayers-interlaboratory com-
parison. Pharm Res. 2010;27:480–9. https://​doi.​org/​10.​1007/​
s11095-​009-​0036-7.

	35.	 Vinograd JR, McBain JW. Diffusion of electrolytes and of the ions 
in their mixtures. J Am Chem Soc. 1941;63:2008–15. https://​doi.​
org/​10.​1021/​ja018​52a063.

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1023/a:1026147620304
https://doi.org/10.1023/a:1026147620304
https://doi.org/10.1021/js980236p
https://doi.org/10.1002/cbdv.200900082
https://doi.org/10.1002/cbdv.200900082
https://doi.org/10.1007/s11095-023-03508-x
https://doi.org/10.1002/jps.2600740209
https://doi.org/10.1002/jps.2600740209
https://doi.org/10.1002/jps.21052
https://doi.org/10.1016/j.ejps.2021.106037
https://doi.org/10.1016/j.ejps.2021.106037
https://doi.org/10.1016/j.xphs.2016.06.001
https://doi.org/10.1016/j.xphs.2016.06.001
https://doi.org/10.1002/jps.24460
https://doi.org/10.1002/jps.24460
https://doi.org/10.1208/s12248-020-0417-8
https://doi.org/10.1208/s12248-020-0417-8
https://doi.org/10.1016/j.ejpb.2020.02.009
https://doi.org/10.1002/bdd.1800
https://doi.org/10.1002/bdd.1800
https://doi.org/10.1016/j.ejps.2006.06.006
https://doi.org/10.1016/j.ejps.2023.106684
https://doi.org/10.1016/B0-08-045044-X/00134-6
https://doi.org/10.1007/s11095-009-0036-7
https://doi.org/10.1007/s11095-009-0036-7
https://doi.org/10.1021/ja01852a063
https://doi.org/10.1021/ja01852a063

	Solubility vs Dissolution in Physiological Bicarbonate Buffer
	Abstract
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and Methods
	Materials
	Preparation of Ibuprofen Powder and Determination of the Particle Size Distribution
	Microscopy
	Buffer Preparation
	Dissolution Test
	In Silico Simulations

	Results
	Particle Size Distribution
	Dissolution

	Discussion
	Dissolution and Solubility Predictions
	Implications
	Limitations

	Conclusion
	References


