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Purpose. pH modifiers are often used to promote drug solubility/
stability in dosage forms, but predicting the extent and duration of
internal pH modification is difficult. Here, a noninvasive technique is
developed for the spatial and temporal mapping of pH in a hydrated
pharmaceutical pellet, within a pH range appropriate for microenvi-
ronmental pH control by weak acids.
Methods. Confocal dual excitation imaging (Ex 488/Ex 568) of pellets
containing a single, soluble, pH-sensitive fluorophore with cross-
validation from a pH microelectrode. The technique was used to
investigate the changing pH distribution in hydrating pellets contain-
ing two weak acids of differing solubility.
Results. The algorithm developed provided pH measurements over
the range pH 3.5-5.5 with a typical accuracy of 0.1 pH units and with
excellent correlation with pH microelectrode measurements. The
method showed how pellets containing 25%w/w tartaric acid exhib-
ited a rapid but transient fall in internal pH, in contrast to a slower
more prolonged reduction with fumaric acid.
Conclusions. Spatial and temporal monitoring of pH in pellets was
achieved with good accuracy within a pH range appropriate to pH
modification by weak acids. However, the method developed is also
generic and with suitable fluorophores will be applicable to other pH
ranges and other dosage forms.
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INTRODUCTION

The incorporation of pH-modifying excipients is a com-
mon strategy for improving the release of pH-dependent
drugs from dosage forms in adverse pH environments. These
excipients are intended, on hydration, to create a pH envi-
ronment inside or around a dosage form that is favourable to
drug dissolution. This is a common problem with weakly basic
drugs that exhibit poor solubility at intestinal pH, and where
addition of a soluble acidic modifier to the formulation may
dramatically improve bioavailability (1–8). Although this ap-

proach is effective, at the present time formulation design is
undertaken empirically as the extent and the duration of the
pH-modifying effect cannot be properly measured or pre-
dicted. A first step to improving this situation is to develop
methods that allow quantitative measurement of pH inside a
hydrated dosage form, and an ability to make these measure-
ments noninvasively would also be an advantage, as this
would allow the time course of pH change to be monitored in
situ. Spatially resolved mapping would be a further advan-
tage, as the time course and distribution of pH modification
within the hydrated dosage may be important. It can be en-
visaged that heterogeneity may arise from differences in wa-
ter availability, component distributions, dissolution rates,
and the changing concentration gradients within the dosage of
drug and the pH modifier.

Few reports to date describe measurements of pH inside
dosage forms. A pH microprobe has been used by Doherty et
al. to measure the surface pH of a tablet during dissolution
(9). Electron paramagnetic resonance (EPR) has been used
to measure pH inside water-in-oil emulsions (10) and to
monitor the acidic environment inside hydrolytically degrad-
ing poly(anhydride) polymers both in vitro and in vivo(11).
However, in comparison to light-based microscopies, the spa-
tial resolution of EPR is relatively poor.

The optical-sectioning capability of confocal laser scan-
ning microscopy (CLSM) offers the potential for high-
resolution spatial mapping of fluorescent markers and drugs.
Cutts et al. (12) have shown how this technique may be used
to image the changing distribution of a fluorescent drug (mi-
nocycline) inside hydrating pellets and how this data may be
analyzed to provide estimates of internal drug dissolution and
diffusion coefficients. There is an obvious extension of this
work to the fluorimetric monitoring of other internal pro-
cesses. For example, the pH-dependent fluorescent response
of fluorescein has been used to monitor pH inside micropar-
ticles (13), but these measurements suffered from the lack of
an internal standard, without which it is not possible to dis-
tinguish low pH from low fluorescein concentration. A more
effective approach is ratiometry, in which two fluorophores
are monitored, one of which provides an internal standard. Fu
et al. (14) have utilised this strategy effectively; using the re-
sponse of two internally immobilised fluorophores to monitor
the pH distribution and kinetics of acidification inside degrad-
ing poly (lactide-co-glycolide) microspheres. The technique
relies on incorporation of sufficient quantities of each fluoro-
phore into the microsphere. A better situation, however,
would be to use (i) a single rather than a mixture of fluoro-
phores so that problems of separation arising from differing
partition or diffusion properties of the fluorophores in the
dosage form are avoided. And (ii) to use a fluorophore probe
that is soluble in the hydration solution so that the internal
pH of a dosage form may be probed without the need to
prepare specially labeled fluorescent ingredients.

In cell biology, dual wavelength CLSM is routinely
utilised to measure intracellular pH locally in tissues, cells,
and organelles (15–24). However the water-rich, relatively
low ionic strength environment in biologic material contrasts
sharply with the heterogeneous low water environment po-
tentially containing high concentrations of dissolved solids
likely to be encountered within most hydrated- controlled
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release dosage forms. For our purposes it is therefore criti-
cally important to identify a fluorophore that is sufficiently
robust to allow accurate quantification of pH under these
conditions.

In this paper, we attempt to fulfill these requirements by
developing a CLSM method for quantification of pH, using a
single water-soluble fluorophore that appears capable of op-
erating under the conditions prevailing inside pellets contain-
ing 25% w/w of a soluble weak acid. In this initial paper, the
method has been developed for mapping pH changes in un-
coated extruded spheronised pellets and is utilised to com-
pare pH changes in pellets containing two weak acid modifi-
ers with different physicochemical characteristics. This
method is a further contribution toward the development of
techniques that may allow pharmaceutical scientists to better
understand local processes within dosage forms (12, 25–27).

MATERIALS AND METHODS

Materials

Avicel PH101 (FMC; Cork, Ireland), fumaric and L-
tartaric acid (Sigma Chemicals Co; Poole, Dorset, U.K.), and
distilled water were used in pellet manufacture. Simulated
intestinal fluid United States Pharmacopeia (USP) (29) with-
out enzymes (SIF) was prepared using monobasic potassium
phosphate and sodium hydroxide pellets (Sigma Chemicals;
Poole, Dorset, U.K.). Rhodol Green carboxylic acid hydro-
chloride was obtained from Molecular Probes (Leiden, The
Netherlands).

Preparation of Extruded and Spheronised Pellets

75g Avicel PH101 was dry mixed with 25 g weak acid
modifier (fumaric acid or L + tartaric acid) in a K-blade plan-
etary mixer at 60 rpm. 50mL distilled water was added to
produce a wet mass that was then extruded through a Caleva
model 10 extruder at 16 rpm. Forty-gram batches of extrudate
were spheronised for 10 m at 1500 rpm in a Caleva model 120
spheroniser (Caleva; Sturminster Newton, U.K.). The pellets
were dried for 12 h at 60°C and a 0.85–1.00 mm sieve fraction
of pellets was used in the experimental work.

Confocal Laser Scanning Microscopy

Images were obtained using a Bio-Rad MRC-600 confo-
cal laser scanning microscope (Bio-Rad Microscience; Hemel
Hempsted, U.K.) equipped with a 15 mW Kr/Ar laser, at-
tached to a Nikon Optiphot upright microscope with a x4, NA
0.13 objective and with settings of 0 neutral density, 0.2 con-
focal aperture. Under these conditions, the optical slice thick-
ness was determined as approximately 50 �m. FITC/Texas
Red filter blocks were used to obtain simultaneous images at
Ex 488 nm/ Em 520 nm and Ex 568 nm/Em 580 nm. Individual
images were captured as a 512 × 384 pixel array with each
pixel coded 0–255 for intensity.

Fluorescent Response of Rhodol Green with Respect to pH
and Concentration

Images of Rhodol Green solutions 1 × 10−3 to 5 × 10−5 g
L−1 in SIF pH 7.5 at 37°C were used to establish the relation-
ship between fluorescence and concentration. Rhodol Green
solutions at pH 2.0–7.5 (adjusted with fumaric or tartaric acid)

were imaged over the concentration range 1 × 10−3 to 2.5 ×
10−4 g L−1 to determine the linear range of pH response.
Fluorescence intensity was calculated as a mean pixel value
over the whole image (n � 4), and these results were used to
establish the mathematical model developed below, which
allows calculation of pH values from the fluorescent intensity
at Ex 488 nm and Ex 568 nm.

Confocal Microscopy Imaging of Hydrated Pellets

Pellets were hydrated in 2 mL of 2 ×10−3 gL−1 Rhodol
Green in SIF at 37°C. At 5 min intervals the pellet was re-
moved from the medium and placed under the confocal mi-
croscope on a microscope slide at 37°C. The plane of focus
was moved by a downward stage traverse of 300 �m after
focusing on the top of the pellet. On the same microscope
slide, a 1 mm depth well containing 1 × 10−3 gL−1 Rhodol
Green solution at pH 7.5 was used to standardise the emission
intensity at Ex 488 nm and Ex 568 nm, and used to adjust each
to a mean value of 224 pixel intensity. The pellet was then
imaged at Ex 488 and Ex 568 nm, simultaneously. Under
these conditions, the emission intensities from within the pel-
let represented the response at concentrations equivalent to 1
× 10−3 gL−1 Rhodol Green or below. Imaging was achieved
typically in less than 1min. Between images, the pellet was
returned to the medium. Measurements were made in tripli-
cate.

Image Processing to Generate a Radial Profile of
Fluorescent Intensity

A typical image pair is shown in Fig. 1 and image pro-
cessing was undertaken using a macro written in Image Pro
Plus v3 (Media Cybernetics LP; MD, USA). The stages in this
procedure is illustrated schematically in Fig. 2. First, an out-
line of the edge of the pellet was obtained from the Ex 488 nm
image. Then, by shrinking the initial outline shape of the
pellet, the image was divided into a series of 3-pixel thickness
concentric rings, and the mean pixel intensity was calculated
for each ring from the number of pixels in the ring and the
individual pixel intensities. The same procedure and ring pat-
tern were used to delineate radial bands in Ex 488 nm and Ex
568 nm images and to obtain radial fluorescent intensity pro-
files from images at each time point. No discernible swelling
or shrinkage of the pellets was observed during the experi-
ments.

Concurrent Measurements of Internal Pellet pH Using a
pH Microelectrode

A pH microelectrode with a 0.1 mm diameter metal-
coated tip (World Precision Instruments; Stevenage, U.K.)
was used to provide direct measurements of pH using sec-
tioned pellets. In these experiments, the pellets were hydrated
in 2 × 10−3 gL−1 Rhodol Green in SIF at 37°C, removed from
solution, sliced through the center, and placed on a micro-
scope slide at 37°C under the confocal microscope with the
pH microelectrode touching the surface. Readings of pH
could then be compared from measurements made simulta-
neously using the microelectrode and the fluorescence re-
sponse from the area around the tip. A typical image from this
experiment is shown in Fig.1b.
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Fig. 1. Confocal fluorescence images obtained simultaneously at Ex 488 nm
and Ex 568 nm from tartaric acid pellets hydrated for 10 min in 2 × 10−3gL−1

Rhodol Green in simulated intestinal fluid USP, pH 7.5 at 37°C. (a) Images
obtained at a nominal depth of 300�m. (b) Images obtained from the surface
of a sectioned pellet showing the microelectrode tip that is positioned flat on
the surface. In both cases, the 488 nm image is left and the 568 nm image is
on the right.

Fig. 2. An illustration of the image processing undertaken to generate a radially averaged pH profile
from the confocal images. A dual image at Ex 488 nm (left) and Ex 568 nm (right) was generated for
each time point. (a) The Ex 488 nm image was outlined. (b) And 3-pixel thickness rings were
generated from the pellet outline. (c). The same template was applied to the Ex 568 nm image. Mean
intensity values were calculated for pixels within each ring and converted to pH values using equation
5. The data was then represented as a graph. (d) This graph shows the pH value of each averaged ring
as a function of distance from the pellet perimeter.
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RESULTS AND DISCUSSION

Deriving a Predictive Mathematical Model Relating
Fluorescent Response, Concentration, and pH

A series of results are presented that describe the fluo-
rescent response of Rhodol Green solutions at Ex 488 nm
and Ex 568 nm with respect to concentration and pH, when
imaged under the confocal microscope. At a given tempera-
ture and fixed depth of focus, a fluorophore with a pH
sensitive response may exhibit changes in fluorescent in-
tensity arising from changes in pH or in fluorophore con-
centration. For example, a low concentration response
might occur in the early stages of dosage form hydration,
and this will be indistinguishable from low pH unless there
is an independent measure of fluorophore concentration. This
can be provided by dual wavelength imaging as the fluores-
cent intensity of Rhodol Green is usually pH-dependent at
Ex 488 nm but pH independent at Ex 568 nm. In this sec-

tion, an experimental procedure and mathematic model
is developed to test this assumption for solutions adjusted
with tartaric and fumaric acid. Changes in fluorescence are
quantified using the two measured values: F488, the measured
emission intensity at Ex 488 nm, and F568, the measured
emission intensity at Ex 568 nm, and interdependent rela-
tionships for fluorophore concentration and pH are ob-
tained.

Fig. 3 shows the relationship between measured fluores-
cence and pH at 1 × 10−3gL−1, with the confocal microscope
gain adjusted to equalise the fluorescence to a value of ap-
proximately 224 on a scale of 0–255 (pixel value) at both
wavelengths at pH 7.5. At Ex 568 nm, the emission intensity
remains at a constant value irrespective of pH whereas at Ex
488 nm, the measured emission intensity varies sigmoidally,
reaching a maximum at pH 6. The graph demonstrates that
under these conditions, (i) Rhodol Green response at Ex 488
nm was a good discriminator of pH over the range approxi-
mately pH 2 to 6 (ii) the response was pH insensitive at Ex

Fig. 3. The relationship between confocal fluorescent response and pH for 1x 10−3 gL−1

Rhodol Green solutions at Ex 488 nm (solid diamond) and Ex 568 nm (open diamond).
Each pint mean (n � 3) ± 1 SD.

Fig. 4. The nonlinear relationship between fluorescent intensity and concentration at Ex 568
nm fitted to the exponential function of Eq. (2). Each point mean (n � 3).
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568 nm and may therefore be useful as an internal standard.
Between pH 3.5 and 5.5 the response at Ex 488 was well
approximated by a linear relationship (r > 0.999).

The pellet was hydrated using a fluorophore solution of
at least 2 × 10−3 gL−1 . This ensured that there was sufficient
fluorescence response from the pellet within a few minutes of
hydration. This concentration provided a fluorescent re-
sponse equivalent in intensity to a 1 × 10−3 gL−1 solution and
compensated for attenuation of fluorescence by the pellet.
The response at Ex 488 nm and Ex 568 nm was set using an
external standard of 1 × 10−3 gL−1. It was found that at Ex 568

nm the relationship between fluorescence and concentration
was not linear .(Fig. 4) but followed an exponential relation-
ship of the form;

F568 = Fs (1 − exp(−�C)) (1)

where Fs is the saturated fluorescence level obtained at high
concentrations, � is a parameter obtained from the data and
C is the fluorophore concentration. Equation (1) can be in-
verted to give the following relationship for the fluorophore
concentration;

Fig. 5. (A) Graph shows how the linear dependence of fluorescent intensity on concentration
is maintained over the full pH range of sensitivity at Ex 488 nm (each point mean n � 4 ± 1
SD). (B) Graph shows the linear relationship between pH and gradient values from Fig. 5a.
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C = [ln Fs − ln (Fs − F568)]�� (2)

and Fig. 4 shows a least squares fit of the data in Eq. (2),
which yielded values of Fs � 2.95 × 102 and � �1.357 × 103

g L–1 (r � 0.999).
Fig. 5a shows how the fluorescent intensity at Ex 488 nm

varies with both concentration and pH. Importantly, the con-
centration response remains linear at different pH levels
within the range pH 3.5 to 5.5 and therefore at a given pH, the
relationship between F488, the fluorescent intensity, and C,
the concentration, is of the general form;

F488 = a1C + ao (3)

Both the gradient and the concentration axis intercept de-
crease with increasing pH, and a plot of gradient values a1

against pH (Fig. 5b) shows that a strong linearity exists within
the range of interest;

a1 = b1 pH + bo (4)

A least squares fit of yields values of b1 � 33625 and bo �
−25250 (r�0.999) (Fig. 5b).

Rearranging Eq. (4) and substituting from equation 1
and 3 gives a predictive equation for pH in terms of the mea-
sured fluorescence intensities at F488 and F568:

pH =
− (F488 − a0)�

b1ln�1 −
F568

Fs
� −

b0

Fs
(5)

comparison of data values with the those predicted by Eq. (5),
indicated errors of < 5% of the saturated fluorescence level.
This ensures a minimum pH sensitivity of better than 0.5 pH
units at the lowest measurable Rhodol Green concentrations.
However, at the higher Rhodol Green concentrations en-
countered in the experiments, a pH sensitivity of 0.1 pH units
would be typical. Solutions adjusted with fumaric and tartaric
acid were found to exhibit the same relationship between
fluorescent response, pH and concentration. To validate the
pH values generated by the fluorescence model when used on
pellets, a pH microelectrode was used to independently mea-

sure pH at the same time as fluorescence determinations were
being made. The results are described below.

Images of Pellets Hydrated in SIF

Figure 1a shows images obtained from pellets taken after
10 min hydration in 2 × 10−3 gL−1 Rhodol Green in SIF at
37°C . The brightness of these images confirms that under
these experimental conditions, sufficient fluorescent response
was obtained within each image to be within the assay cali-
bration. In addition, as the two images were superimposable
when overlaid, wavelength dependent refraction is unlikely to
be a significant factor in imaging of these samples. At zero
time the images in Fig. 1 are of equal intensity, whereas after
10 min, there is an obvious decrease in intensity throughout
the Ex 488 nm image; an apparent response of Rhodol Green
to the dissolving tartaric acid.

Comparison of Fluorescence-Derived and Microelectrode
Quantification of pH

Figure 1b shows images obtained with the pH electrode
positioned on the surface of a sectioned tartaric acid pellet.
pH values from the microelectrode were compared with those
calculated using equation 5 from mean fluorescent intensity
values in the region surrounding the electrode tip. Although
the microelectrode only provides averaged values, the results
(Fig. 6) show excellent correlation within the predicted range,
and confirm pH 3.5–5.5 to be the effective range of Rhodol
Green under these conditions.

Monitoring pH Change in Hydrated Fumaric and Tartaric
Acid Pellets

The changing pH profile with time was monitored by
generating a time sequence of image pairs at Ex 488 nm and
Ex 568 nm, obtaining radial profiles by image processing, and
applying equation 5 to generate graphs representing the spa-
tial distribution of pH across the image.

Fig. 6. Comparison of pH values obtained from fluorescence (open squares) and micro-
electrode (closed diamonds) measurements on the same hydrated tartaric acid pellets.
Each value mean (n � 10).
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Fig. 7 and Fig. 8 show typical pH profiles from results
repeated in triplicate. In the tartaric acid pellet images (Fig.
7a and Fig. 8a) the calculated pH dropped rapidly to values
of 3.5 or less within 5 min of hydration. However, the low
pH environment was maintained for only a short period;
pH values were rising at 10 min, and at 20 min had reached
pH 5.3 or above (Fig. 8a). In contrast, pH values calcu-

lated from fumaric acid pellet images (Fig. 7b and Fig. 8b)
showed a slower onset of pH reduction but the mainte-
nance of a low pH environment for a longer period. A mini-
mum pH of 3.5–4.0 was achieved after 15 min, and pH 3.5
to 5.0 was maintained for at least 40 min after hydration
(Fig. 8b).

The difference in this ability to create and maintain a low

Fig. 7. The changing pH distribution obtained from images of a pellet in the early stages of
hydration (A) tartaric acid and (B) fumaric acid pellets. Pellets were hydrated in 2 × 10−3 gL−1

Rhodol Green in simulated intestinal fluid USP, pH 7.5 at 37°C. The graphs show pH values
between the edge and the center obtained for radially averaged bands obtained as in Fig. 2.
Hydration time: (open diamond) 1 min, (closed square) 5 min, (closed triangle) 10 min, (cross)
15 min.

Cope et al.1560



pH environment may result simply from the physicochemical
properties of the two acid modifiers. Fumaric and tartaric are
both dicarboxylic acids with similar pKa values (L-Tartaric:
pK1 2.98 pK2 4.34. Fumaric: pK1 3.03 pK2 4.54 at 25°C)(29).
However, they have very different water solubilities (L-
Tartaric: 176g/100mL, Fumaric: 0.63g/100mL at 40°C) (29). It
would therefore be reasonable to predict that the high solu-
bility of tartaric acid would result in a rapid drop in pH, and
the rapid attainment of a low pH environment, as was ob-
served. However, complete dissolution of acid within a de-
fined region of the pellet would also be achieved more

quickly, and thereafter the low pH environment would dete-
riorate as the dissolved acid is lost from the pellet by diffu-
sion. The result would be poor maintenance of pH as was
observed in the results. In contrast, fumaric acid is much less
soluble, and we might expect a less rapid drop in pH, and with
lower saturation solubility, a higher pH environment. How-
ever, as the solubility is lower, fumaric acid may remain un-
dissolved, and it may replenish acid lost by diffusion over a
longer period. As a result the low pH within the pellet would
be sustained. This is the pattern observed in these experi-
ments.

Fig. 8. The changing pH distribution in the later stages of hydration (A) tartaric acid (B)
fumaric acid pellets. Hydration time (cross) 15 min, (closed diamond) 20 min, (open tri-
angle) 30 min, (closed circle) 40 min,(open square) 50 min. Other details as Fig. 8.
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pH Change inside Weak Acid Pellets Measured Using
the Microelectrode

Fig. 9 shows comparative results for sectioned fumaric
and tartaric acid pellets measured using the microelectrode at
different hydration times. In the tartaric acid pellets, the elec-
trode detected a rapid drop to approximately pH 2.6 and a
subsequent rise to pH 7 after 20 min hydration. In contrast,
the pH within fumaric acid pellets reaches a minimum more
slowly, but remains in the range pH 3.5 to 4.0 over the whole
period. Given that the fluorescence assay cannot quantify pH
outside the range pH 3.5 to 5.5, the closeness of this pattern
to the time course profiles measured provides added confi-
dence in the fluorescence determinations of pH.

CONCLUSIONS

This work provides a method for the noninvasive mea-
surement and mapping of pH in an acid modified pharma-
ceutical pellet. Dual wavelength excitation and emission
CLSM using the pH sensitive fluorophore Rhodol Green,
appeared to be capable of accurately quantifying pH over the
range pH 3.5 to 5.5 and monitoring the pH modifying behav-
ior of tartaric and fumaric acids in uncoated pellets. The re-
sults correlate well with direct measurements of sectioned
pellets made using a pH microelectrode. Whilst the micro-
electrode does allow determinations of pH outside the range
of the fluorimetric method, it provides only averaged values,
and the method is destructive as the pellet required cutting in
half. In contrast, the fluorescence method developed here has
the potential to provide spatially resolved information non-
invasively, allowing time course experiments on the same pel-
let to be undertaken.

Under the conditions we examined, Rhodol Green ap-
peared to be a robust indicator of pH within the environment
generated by the hydrating pellet. While here, we have tai-
lored the method to weak acids (pH modifiers suitable for
solubility enhancement of weakly basic drugs) the approach is
clearly generic and applicable to other dosage forms and pH
ranges. This requires a fluorescent molecule to be identified

that has (i) a pKa value in the range of interest; (ii) pH
sensitive fluorescence at one wavelength; (iii) pH-
independent fluorescence at a second wavelength that allows
for correction of fluorophore concentration; (iv) these fluo-
rescence responses to be capable of operating in the presence
of high concentrations of soluble materials.

In summary, the approach provides a noninvasive
method by which pharmaceutical scientists can monitor the
changing pH environment in dosage forms and therefore pro-
vides a tool for optimising pH control.
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