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For parenteral biopharmaceuticals, subcutaneous diffusion and, in the case of solid implants or suspen-
sions, dissolution may govern the clinical profile of the drug product. Insight into the dissolution and
diffusion processes of biopharmaceuticals after parenteral administration is fundamental in the develop-
ment of new protein drug formulations. Using insulin as a model compound, the aim of this work was to
develop a UV imaging-based method to study the real-time dissolution and diffusion behavior of solid
protein drugs under stagnant conditions in a hydrogel matrix mimicking the subcutaneous tissue. Disso-

gg:;?::;n lution of proteins and peptides is a complex phenomenon as it may be coupled to the complicated acid
Hydrogel base properties of these substances. UV imaging allowed the real-time dissolution and diffusion
Insulin processes of insulin at different pH values and of different insulins to be studied. Dissolution rates were

obtained, and the quantitative performance of the developed UV imaging method was verified. It was
shown that the UV imaging dissolution method was able to differentiate between the behavior of differ-
ent insulins and that human insulin dissolution was highly dependent on pH. pH effects in the microen-
vironment of the human insulin compacts at pH 7.40 and 3.00 were observed by UV-Vis imaging,
explaining the different dissolution kinetics of human insulin at pH 7.40 and 3.00 as compared to pH
5.40. In conclusion, UV-Vis imaging may be a useful tool for studying dissolution, diffusion and pH effects
in the vicinity of solid protein drug in a hydrogel matrix with the aim of achieving a better understanding

Mass transport
Microenvironmental pH
UV imaging

of in vivo dissolution processes.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Peptide and protein therapeutics constitute an increasing frac-
tion of the drug products available for treatment of patients. Most
peptide and protein therapeutics are administrated parenterally
due to their low permeability across biological membranes and
chemical and enzymatic instability in the gastrointestinal tract
(Lin, 2009; McDonald et al., 2010). The implications of the admin-
istration pathway - that patients must be injected, often daily -
render peptide and protein drug products with prolonged effect,
minimizing the number of injections for patient, highly desirable.
Examples of parenterals with prolonged release are solid implants
and suspensions. In the development of solid drug formulations,
dissolution testing of the active pharmaceutical ingredient is
required as a characterization tool as well as in quality control.
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Despite a demand for in vitro dissolution models capable of charac-
terizing the dissolution and release from sustained release paren-
teral drug formulations, at present, standard compendial in vitro
dissolution models do not exist for these formulations (Burgess
et al,, 2002; Martinez et al., 2008). In compendial in vitro dissolu-
tion models, the dissolution methods rely on bulk solution concen-
tration measurements as a function of time due to the applied
stirring or flow. Using these methods it is thus not possible to
study dissolution and release into a “solid” material such as a
hydrogel. This may result in loss of important information when
detailed insights into the dissolution process are required. Further-
more, in vivo, parenterally administrated peptide and protein for-
mulations are not subjected to convective mass transport to the
same extent as the available compendial in vitro dissolution mod-
els may provide. A suitable in vitro model simulating the in vivo
conditions, e.g. with respect to mass transport and matrix mor-
phology may provide valuable insight into the dissolution, release
and diffusion processes of peptide and protein drugs intended for
parenteral administration. Such information would be useful in
the development of new peptide and protein formulations. Our
hypothesis is that an in vitro dissolution method able to character-
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ize the real-time dissolution and diffusion processes in the vicinity
of the drug compound in a matrix mimicking the subcutaneous
tissue, e.g. a hydrogel, may provide a better understanding of the
in vivo dissolution and diffusion of peptide and protein formula-
tions intended for subcutaneous administration.

A closer look into dissolution and release processes may be
obtained by different imaging techniques including, magnetic res-
onance imaging (MRI) (Fyfe and Blazek-Welsh, 2000; Nott, 2010;
Richardson et al., 2005), Fourier transform infrared (FTIR) imaging
(Kazarian and van der Weerd, 2008; Kazarian and Ewing, 2013;
Kimber et al., 2011), fluorescence imaging (Adler et al., 1999;
Bajwa et al., 2006; Brandl et al., 2010), and UV imaging (Boetker
et al., 2011; @stergaard et al., 2011). UV imaging provides the abil-
ity to generate temporally and spatially resolved data in the form
of images from the absorbance of UV light (@stergaard et al.,
2010). UV imaging enables real-time drug dissolution, release
and transport studies in transparent media without the need of
labeling the drug compound. UV imaging has mainly been used
for studying the dissolution behavior of active pharmaceutical
ingredients in a flow through setup (Boetker et al., 2011; Hulse
et al,, 2012; Niederquell and Kuentz, 2014; Nielsen et al., 2013;
@stergaard et al., 2014a; Qiao et al., 2013).

Hydrogels are widely employed as delivery vehicles. However,
hydrogels have also been suggested as models for soft tissues
(Allababidi and Shah, 1998; Gietz et al., 1998; Klose et al., 2009;
Lee et al., 2009; Liang et al., 2006; Ye et al., 2012a,b) to facilitate
a better understanding of the release and mass transport processes
upon in vivo administration of parenteral formulations.

Recently, hydrogel matrixes were found to be compatible with
the UV imaging setup. Drug diffusion (Ye et al., 2011), drug release
(Ye et al., 2012a, 2011), release and partitioning from lipophilic
solutions (Ye et al., 2012b), and release from particulate dosage
forms (Sarnes et al., 2013) in hydrogels mimicking the subcutane-
ous tissue have been studied by UV imaging. From these studies it
was shown that important information in relation to drug release
in terms of drug distribution and diffusion coefficients may be
obtained using UV imaging. Recently, we showed that UV imaging
also allows human insulin diffusion in hydrogels to be studied in
real-time, and that the human insulin self-association properties
were reflected in the diffusion behavior in the agarose gel matrixes
mimicking the subcutaneous tissue (Jensen et al.,, 2014). The
overall aim of our current research is to develop and establish
in vitro release models capable of characterizing and visualizing
the release of peptide and protein formulations intended for sub-
cutaneous administration in a matrix mimicking the subcutaneous
tissue. The objective of the present study was to develop a UV
imaging-based method to study the real-time dissolution behavior
of protein drugs in the immediate vicinity of the solid compound
under stagnant conditions in a hydrogel matrix mimicking the sub-
cutaneous tissue. Moreover, the objective was to characterize drug
transport in the surrounding hydrogel matrix including the assess-
ment of potential local pH effects on dissolution. Using insulin as a
model compound, the dissolution behavior of human insulin at pH
3.00, 5.40, and 7.40 and bovine insulin and protamine insulin at pH
7.40 were investigated by UV imaging.

2. Materials and methods
2.1. Chemicals

Agarose (type I), lyophilized bovine insulin, and protamine
sulfate were obtained from Sigma-Aldrich (St. Louis, MO, USA).
Amorphous recombinant human insulin (rDNA) was obtained from
Millipore (Bedford, MA, USA). Methyl orange was obtained from
J.D. Riedel-E.de Haen A.G. (Berlin, Germany). Bromothymol blue,

citric acid anhydrate, hydrochloric acid, methyl red, sodium ace-
tate, sodium dihydrogenphosphate monohydrate and sodium
hydroxide were obtained from Merck (Darmstadt, Germany).

Dissolution experiments were performed in buffered solutions
with an ionic strength of 0.15 M. Phosphate buffered solutions
with a concentration of 0.067 M and 0.17 M at pH 7.40 and 3.00,
respectively, were prepared by dissolving an appropriate amount
of sodium dihydrogenphosphate monohydrate in deionized water
followed by pH adjustment to 7.40 and 3.00 using 5 M NaOH and
6.85M HCI, respectively. A 0.17 M acetate buffer solution pH
5.40 was prepared by dissolving an appropriate amount of sodium
acetate trihydrate in deionized water and adjusting the pH to 5.40
using 5 M NaOH.

Stock solution of methyl orange (3.06 x 10~* M) was prepared
according to Ph.Eur (Council of Europe, 2014). Stock solutions of
methyl red (7.42 x 100*M) and bromothymol blue (9.61 x
10~4 M) were prepared by dissolving a weighed amount of the
pH indicator in 60% (v/v) ethanol (96%) and 0.1 M sodium hydrox-
ide, respectively, and adding demineralized water to volume.
Hydrochloric acid, sodium hydroxide, acetate buffered and
phosphate buffered solutions were prepared for constructing
absorbance - pH profiles of the pH indicators.

2.2. Preparation of protamine insulin

In the present study amorphous protamine insulin was pre-
pared by adding an aliquot of 0.74 ml phosphate buffered, pH
7.40, 5.00 mg/ml protamine sulfate solution to 20.00 ml phosphate
buffered, pH 7.40, 1.78 mg/ml insulin solution (phenol or cresol
was not added to the insulin solution). Precipitation of protamine
insulin was observed immediately upon addition of protamine sul-
fate to the insulin solution. The precipitate of protamine insulin
was left at room temperature for 96 h. The precipitate was isolated
and collected by filtering the suspension through a cellulose filter
(HAWP) with a pore size of 0.45 pm (MF Millipore Membrane Fil-
ters) while suction was applied. The precipitate was placed in a
desiccator with silica at ambient temperature (22.0 £ 0.5 °C) for
24 h to dry.

2.3. Preparation of agarose hydrogels

Agarose powder corresponding to 1.5, 0.5, and 0.5% (w/v) was
suspended in buffered solution at pH 3.00, 5.40 and 7.40, respec-
tively. The suspensions were heated to 98 °C for 20 min to dissolve
the agarose, and the agarose solutions were transferred to a quartz
cell (7.5 mm x 3.0mm x 63 mm (H x W x L)) equipped with a
sample holder. The cells were left at ambient temperature for at
least 1.5, 1.0 and 1.0 h for gelation of the agarose gels at pH 3.00,
5.40 and 7.40, respectively. In studying the microenvironmental
pH during insulin dissolution a volume of the pH indicator stock
solution was added to the agarose solution just before it was trans-
ferred to the quartz cell. The pH within the hydrogel matrix was
not affected by the added pH indicator, because the concentration
of the pH indicator (7.5 x 107> M methyl orange, 5.2 x 107> M
methyl red and 6.7 x 10~> M bromothymol blue at pH 3.00, 5.40
and 7.40, respectively) was much lower than the buffer concentra-
tion (0.17, 0.17 and 0.067M at pH 3.00, 540 and 7.40,
respectively).

2.4. Preparation of compacts

Compacts for the UV imaging dissolution studies were prepared
by transferring samples of solid amorphous human insulin, bovine
insulin, protamine insulin, and protamine (5-7 mg) into a stainless
steel cylinder (2 mm inner diameter (id)) placed in a manual press
(Actipress, Paraytec Ltd., York, UK). In case of compacts with two
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components, the components were mixed in a mortar before a
weighed amount of the physical mixture was transferred to the
cylinder in the manual press. A Quickset MINOR torque screw-
driver (Torqueleader, M. H. H. Engineering Co. Ltd., England) was
used to compress the samples at a constant torque of 0.60 N m.

Inspections of the compact surfaces and microenvironmental
pH changes were performed under a Digital Blue QX-5 micro-
scope with a magnification rage of 10-200 (Prime Entertain-
ment Company, China) or a Dino-Lite Digital microscope with
a magnification range of 20-200 (AnMo Electronics Corporation,
Hsinchu, Taiwan).

2.5. UV-Vis imaging

UV-Vis imaging measurements were performed using an Acti-
pix SDI300 dissolution imaging system (Paraytec Ltd, York, UK)
equipped with a CADISS-2 cartridge. A quartz cell with the dimen-
sions 7.5 mm x 3.0 mm x 63.0 mm (H x W x L) was placed in the
cartridge. The detection area of the UV-Vis imaging system was
7.0mm x 9.0 mm consisting of 1000 x 1280 pixels (the pixels
were binned 4 x 4). Due to the sample holder in the quartz cell,
the effective imaging area was 4.5 x 9.0 mm. A pulsed Xenon lamp
was used as the light source, and imaging was performed at 214,
232, or 280nm in the UV wavelength range and at 510 or
610 nm in the visible wavelength range. Images were recorded
and analyzed using the Actipix software version 1.4 (Paraytec
Ltd., York, UK). Images were recorded with a rate of 15 images
per min, and the integration time was 10 ms. The measured inten-
sities were converted into absorbance by the Actipix software. By
applying a calibration curve the apparent concentration within
the effective imaging area was determined as a function of time.

UV imaging was performed by acquiring dark images with the
lamp turned off (10s) followed by reference images (10 s) with
the quartz cell filled with the dissolution medium, phosphate
buffered solution or agarose hydrogel. During this initial period a
solid stainless steel cylinder was placed in the sample holder.
The imaging was paused after 60s of data collection, and the
stainless steel cylinder was replaced by a compact of the sample.
The data collection was hereafter resumed. The experiments were
carried out at ambient temperature (23.5 + 1.5 °C), and the exper-
iments were performed in triplicate.

2.6. UV imaging data analysis

2.6.1. Determination of the dissolution rate

For each sample the amount of dissolved insulin as a function of
time was determined from the UV absorbance maps obtained
using an area of 4.48 + 0.05 mm x 9.00 mm, which corresponds
to a volume of the dissolution medium of 120 pl (4.48 x 3.00
x 9.00 mm?). The dissolution rates were determined from the lin-
ear region of the dissolution profiles during the first 30-180 min of
the dissolution process (as long as the sample remained within the
imaging area). Due to different dissolution rates, solubilities and
diffusion coefficients of the insulins under the applied conditions,
the time depended on the specific insulin sample subject to
investigation.

2.6.2. Modeling of the dissolution profiles

In order to characterize drug transport in the hydrogel matrixes,
the dissolution profiles were modeled by applying a derivation of
Fick’s second law. To simplify the model, it was assumed that the
sample compact was a plane source deposited initially at a plane
surface (at a distance: x = 0), and that the initial concentration is
zero throughout the semi-infinite medium (at a distance: x > 0).
Assuming a constant surface concentration (Cp), the following
derivation of Fick’s second law was applied (Crank, 1975):

M, =2-A-Co- (%) (1)

where M; is the amount of diffusing substance which has entered
the dissolution matrix in time t, when the initial concentration in
the medium is zero; A is the surface area of the compact in contact
with the dissolution medium, and D is the diffusion coefficient. Eq.
(1) is applicable for one-dimensional diffusion, and it is assumed
that there is no resistance to transport at the interface. Furthermore,
the diffusion coefficient is assumed to be constant.

2.7. Quantification by HPLC analysis

The amount of dissolved insulin in selected agarose matrixes
were quantified by HPLC analysis to substantiate the results
obtained by UV imaging. The hydrogel matrix containing the dis-
solved insulin was isolated, weighed, and cut in small pieces where
after 1.0 ml phosphate buffered solution was added. After 24 h the
resulting sample was filtered through a cellulose filter (0.2 um
pore size) (Agilent Technologies, Waldbronn, Germany) and the fil-
trate was analyzed by HPLC. The HPLC system consisted of a Merck
Hitachi pump L-7100, column oven L-7350, autosampler L-7200,
interface D-7000 and UV detector L-7400 (Merck Hitachi, Schaum-
burg, IL, USA). The samples were analyzed by reverse phase chro-
matography on a Symmetry Shield RP C18 intelligent speed
column with dimensions of 3.9 mm (id) x 20.0 mm, a particle size
of 3.5 um and a pore size of 100 A (Waters Corporation, Milford,
MA, USA). A Phenomenex Gemini C18 security guard
(4 x 3.0mm id) (Phenomenex, Torrance, CA, USA) was placed in
front of the column. The column oven was set at 30 °C. The injec-
tion volume was 15 pl, the analysis was performed at a flow rate
of 1 ml/min, and the UV absorbance was detected at a wavelength
of 215 nm. Data were collected using Merck Hitachi HPLC system
manager software version 4.0 (Merck Hitachi, Schaumburg, IL,
USA). Using eluent A comprising 0.2 M sodium sulfate, 0.04 M
sodium phosphate at pH 3.6, and 10% (v/v) acetonitrile, and eluent
B consisting of 70% (v/v) acetonitrile and 30% (v/v) MQ water, the
HPLC analysis was performed by a linear gradient method: 0 min
80% (v[v) A, 1.4 min 80% (v/v) A, 4.0 min 55% (v/v) A, 4.1 min 80%
(v/v) A, and 8.0 min 80% (v/v) A.

2.8. X-ray Powder Diffraction measurements

X-ray Powder Diffraction (XRPD) measurements of the human
insulin, bovine insulin and protamine insulin and the prepared
insulin compacts before and after the dissolution experiments
were performed. XRPD was performed using a PANalytical X'Pert
Pro 0/0 diffractometer equipped with a PIXcel detector (PANalytical
B.V., Almelo, The Netherlands). Cu radiation with a wavelength of
1.54 A was used to perform a continuous scan in an angle from
2° to 35°. A current of 40 mA was applied. Data were collected
using X'Pert data collector version 2.2 and analyzed with X'Pert
highscore plus version 2.2d (PANalytical B.V., Almelo, The
Netherlands).

2.9. Apparent solubility

The apparent solubilities of human insulin, bovine insulin,
protamine insulin and protamine in buffered solutions at pH
3.00, 5.40 and/or 7.40 were determined at ambient temperature
(23.0£1.5°C). Samples were prepared by adding a weighed
amount of insulin or protamine to 1.50-2.00 ml of buffered solu-
tion. After 2, 3, 4 and/or 22, 23, and 24 h samples were withdrawn
and filtrated through a cellulose filter (0.2 pm pore size; Agilent
Technologies, Waldbronn, Germany). The filtrate was diluted with
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buffered solution, and the absorbance was measured in a closed
ended quartz cells type 20/0 C (Starna Scientific Ltd., Hainault,
Essex, UK) with a light path of 1 mm at a wavelength of 214 or
280 nm by UV imaging. The concentrations of human insulin at
pH 3.00 and protamine at pH 7.40 were only measured in the sam-
ples after 2, 3, and 4 h, due to complete dissolution of insulin under
the applied conditions. An average of the concentrations measured
in the samples after 22, 23, and 24 h was taken as a measure of the
apparent solubility of human insulin at pH 5.40 and 7.40 as well as
for bovine insulin and protamine insulin at pH 7.40.

2.10. UV-Vis absorbance spectra

UV-Vis absorbance spectra were performed on UV-1700 spec-
trophotometer (Shimadzu, Suzhou Instruments manufacturing
Ltd., Suzhou, China) in a wavelength range from 200-400 nm or
400-750 nm. Quarts cells with a 10.00 mm light path were used
for the measurements.

2.11. Thermogravimetric analysis

Thermogravimetric analysis (TGA) of human insulin, bovine
insulin and protamine insulin were performed on a Discovery
TGA (TA Instruments, New Castle, DE, USA). Solid samples in plat-
inum HT pans were heated by a ramp from 25 to 400 °C at 10 °C/
min to determine the water content and the temperature of
decomposition. The measurements were performed in an inert
atmosphere of Ns.

3. Results and discussion

The dissolution of insulin was studied under stagnant condi-
tions in an agarose gel matrix in order to mimic the subcutaneous
tissue environment. Under the conditions realized in the in vitro
model, the mass transport in the dissolution media is governed
by diffusion, which is one of the most important transport phe-
nomena in subcutaneous tissue (Levick, 1987; Richter et al,,
2012; Swabb et al., 1974; Swartz and Fleury, 2007). The in vitro dis-
solution method is different from conventional dissolution and
release testing models in which convection is the main contribut-
ing factor to mass transport. Previously, SEM pictures of agarose
hydrogel matrixes have shown that the hydrogel matrixes have a
porous structure and the pore size decreased with increasing aga-
rose concentration (Jensen et al., 2014). In several studies, the pore
size of agarose hydrogels has been determined, and the pore size
generally ranges from 100-900 nm at agarose concentrations
between 2.0-0.5% (w/v) (Maaloum et al, 1998; Pluen et al,
1999; Tinland et al., 1996; Xiong et al., 2005). Despite a relative
large variability of the measured pore sizes obtained in the differ-
ent studies, the agarose hydrogel pore size is large relative to the
size of the insulin monomer, dimer, and hexamer having hydrody-
namic radii in the range 1.5-3.0 nm (Jensen et al., 2014; Kadima
et al., 1993). Previous studies indicate that insulin, irrespective of
the self-association state of insulin, is able to diffuse freely in 1.5
and 0.5% (w/v) agarose hydrogels at pH 3.00 and 7.40, respectively
(Jensen et al., 2014).

3.1. The effect of pH on the dissolution behavior of human insulin

The dissolution process of amorphous human insulin in stag-
nant phosphate buffer at pH 7.40 was monitored in real-time using
UV imaging (Fig. 1). From the obtained UV absorbance maps it can
be seen that the dissolution cell, with time, appears to be filled
from the bottom and up. UV imaging is capable of visualizing
different mass transport phenomena and the above mentioned

observations are most likely due to the formation of a density gra-
dient as observed previously for other systems (Gaung et al., 2013;
@Ostergaard et al., 2011). The density gradient made these experi-
ments unsuitable for quantification of the dissolution rate, because
the dissolved drug compound escaped the UV imaging area after
e.g. approximately 15 min for human insulin at pH 7.40. An aga-
rose hydrogel was therefore introduced as a dissolution medium
to suppress the effect of the density gradients on the dissolution
patterns (Garcia-Ruiz et al., 2001; Gaung et al., 2013; Lorber
et al., 2009). Dissolution of human insulin compacts in agarose
hydrogel matrixes at pH 7.40 showed the formation of a symmet-
rical UV absorbance map around the surface of the compact
(Fig. 2A). This indicates that the mass transport is mainly diffusive,
and that the natural convection, due to the density differences in
the system, has been efficiently suppressed. Also, the amount of
drug release could be monitored for longer time intervals.

The physiological pH of the subcutaneous tissue is close to pH
7.4 (Kinnunen and Mrsny, 2014), and consequently a pH of 7.40
is most relevant in in vitro dissolution and release testing of drug
compounds for subcutaneous administration. In the development
of the current in vitro dissolution model, experiments were also
performed at pH 3.00 and 5.40, because the physicochemical prop-
erties of the selected model drug, insulin, are known to be pH
dependent. Experiments at pH 3.00, 5.40, and 7.40 were thus per-
formed to gain knowledge in the dissolution behavior of insulin
under different conditions as well as to obtain a better understand-
ing of the developed in vitro method. The spatially and temporally
resolved UV absorbance maps (Fig. 2) were converted into dissolu-
tion profiles showing the dissolved mass of insulin as a function
of time (Fig. 3). Calibration curves for converting UV absorbance
into concentration are shown in supplementary data (Fig. A.1).
Dissolution profiles of amorphous human insulin in agarose
hydrogel matrixes at different pH values showed that the dissolu-
tion of human insulin decreased in the following order pH
3.00 > 7.40 > 5.40 as expected. The dissolution rate of human insu-
lin in the agarose hydrogel matrix at pH 3.00, 5.40, and 7.40,
respectively, was determined from the slope of the dissolution pro-
files (Fig. 3), and the surface area of the compact in contact with
the dissolution medium (Table 1). Different agarose concentrations
were used to prepare the hydrogels at the different pH values due
to a decreased gelling ability of agarose hydrogels at acidic condi-
tions. At pH 5.40 and 7.40 an agarose concentration of 0.5% (w/v)
was used, while the agarose concentration was increased to 1.5%
(w/v) at pH 3.00. Recently, it was shown that the apparent diffusiv-
ity of insulin was not affected by increasing the agarose concentra-
tion from 0.5% to 1.5% (w/v) in similar hydrogel matrixes at pH
3.00 (Jensen et al.,, 2014). The different agarose concentrations
are therefore not expected to have an effect on the dissolution
behavior of human insulin.

The quantitative performance of the UV imaging setup was
investigated by comparing the results obtained by UV imaging
with results obtained by extracting the dissolved human insulin
from the hydrogel and quantifying this amount by HPLC. The
amount of dissolved human insulin (mass = SD) at pH 7.40 was
determined to 81.0+1.5 and 74.5+5.3 pg after 60 min by UV
imaging and HPLC, respectively (n=3). Thus, good agreement
between the results was observed, and the applied UV imaging
method was found applicable for determining dissolution rates.
The larger SDs of the results obtained by HPLC may be due to the
sample preparation prior to the HPLC analysis.

XRPD measurements of the human insulin powder and the
compacts of human insulin before and after the dissolution exper-
iments showed that insulin remained amorphous throughout the
experiments at pH 3.00, 5.40, and 7.40. Hence, XRPD measure-
ments established that the lower dissolution rate of human insulin
at pH 5.40 and 7.40 as compared to pH 3.00 was not due to solid
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Fig. 1. UV absorbance maps of the dissolution of amorphous human insulin in stagnant 67 mM phosphate buffer, pH 7.40, measured at 280 nm. Intense red color indicates
high absorbance and the contours represent the iso-absorbance lines. The contour offset is 100 mAU and the contour interval is 100 mAU. The measurements were performed
at 23.0 + 1.5 °C. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. UV absorbance maps of the dissolution of amorphous human insulin in (A) 0.5% (w/v) agarose hydrogel, pH 7.40, and (B) 1.5% (w/v) agarose gel, pH 3.00, measured at
280 nm. Intense red color indicates high absorbance and the contours represent the iso-absorbance lines. The contour offset is 100 mAU (light blue) and the contour interval
is 100 mAU. The measurements were performed at 23.0 + 1.5 °C. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)
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insulin (ug)

o —
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Amount of dissolved
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Fig. 3. Dissolution profiles for human insulin in 1.5% (w/v) agarose gel, pH 3.00, (@,

, @), 0.5% (w/v) agarose gel, pH 5.40, (@, ®, ®) and 0.5% (w/v) agarose gel, pH 7.40,
(@, @ @) obtained from the UV imaging measurements (n =3). The black lines
represent the fits to Eq. (1).

form change of the amorphous human insulin during the dissolu-
tion study. The difference in the obtained dissolution rates of
human insulin is related to the ionization state and hydrophilicity
of human insulin with changing pH. Crystalline human insulin has
the lowest solubility at its isoelectric point, pH 5.4 (zero net elec-
tric charge). Based on intrinsic pK, values of the ionizable amino
acids in the insulin molecule, the net charge of insulin as a function
of pH has been calculated (Brange et al., 1987). At pH 3.00 the insu-
lin molecule has a net positive charge of approximately 6, while it
has a net negative charge of 3 at pH 7.40. Furthermore, UV imaging
measurements have previously shown that the self-association
properties of human insulin changes with changing pH, and the
transport properties of human insulin in agarose hydrogels depend
on the association state (Jensen et al., 2014). As apparent from the
dissolution profiles (Fig. 3), there is a linear relation between the
amount of dissolved insulin with time at pH 3.00 and 7.40. At pH
5.40 on the other hand the dissolution rate decline with time; it
follows v/t - kinetics (Fig. 3). The dissolution rate was expected
to decline with time, due to a decreasing concentration gradient.
Generally, a constant concentration, corresponding to the solubil-
ity of the compound, is attained at the surface. UV imaging is cable
of measuring the absorbance of the dissolved drug in the vicinity of
the drug compound as a function of time. However, due to the res-
olution of the UV imager and the combined effect of the UV
absorbance of dissolved insulin and blocking of UV light by the
solid compact, it is difficult to determine the exact position of
the compact surface. From the obtained UV images, the surface
was estimated to be 0-56 um from the wall of the sample holder
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(the pixel-binning was 28 pum x 28 um). The concentration of
human insulin above the compact surface, at pH 3.00 and 7.40
where the apparent solubility of human insulin is relatively high,
was observed to increase with time (Fig. 4A). The apparent solubil-
ity of human insulin measured in buffered solutions decreased in
the following order pH 3.00 > 7.40 > 5.40 (Table 1). It was shown
that a higher apparent solubility correlated in a higher dissolution
rate (Table 1). The observed increase in the human insulin concen-
tration at the surface of the compact with time indicates different
dissolution kinetics at pH 3.00 and 7.40 as compared to at pH 5.40,
where the human insulin concentration was near constant after
approximately 60 min (Fig. 4B). Concentration-distance profiles
were constructed from the obtained UV absorbance maps of
human insulin dissolution at pH 3.00, 5.40, and 7.40 (Fig. 5). In
comparison with the obtained apparent solubility of human insulin
(Table 1), the concentration-distance profiles obtained at pH 3.00
and 7.40 show a lower concentration in the vicinity of the compact
than expected. A concentration corresponding to the apparent
solubility is not reached at pH 3.00 and 7.40 during the 120 min
the dissolution process was followed. Contrary, a concentration
corresponding to the apparent solubility of human insulin at pH
5.40 was reached after approximately 60 min. The reason why, a
constant concentration was not detected at time zero, may be
due to the geometry of the dissolution cell. The insulin compact
has a diameter of 2 mm (id), but the width of the quartz cell con-
taining the dissolution media (the light path) is 3 mm. Due to the
geometry of the dissolution cell and the resolution of the UV ima-
ger, a delay in obtaining a constant concentration at the compact
surface was observed.

3.1.1. Microenvironmental pH measurements
To have a closer look at the dissolution process, the microenvi-
ronmental pH during insulin dissolution was investigated. Suitable
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Fig. 4. Representative concentration measurements of human insulin from an area
of 0.2 x 2 mm? above the compact surface (0-56 pm from the wall of the sample
holder) during the dissolution of human insulin in (A) 1.5% (w/v) agarose gel, pH
3.00, (@) and 0.5% (w/v) agarose gel, pH 7.40, (@) and (B) 0.5% (w/v) agarose gel, pH
5.40, (@) obtained from the UV imaging measurements.

Table 1

Dissolution rate (DR) of insulin in 1.5, 0.5 and 0.5% (w/v) agarose gel matrixes at pH
3.0, 5.4, and 7.4, respectively, obtained by UV imaging (n=3) and the apparent
solubility of insulin in buffered solutions at pH 3.00, 5.40, and 7.40 obtained at
23.0+1.5°C (n=3).

DR + SD (pg/min/ Apparent solubility
mm?)* (mg/ml)°

Human insulin, pH 3.0 1.0+0.1 >25.0

Human insulin: citric acid, 1.6+0.2 -

pH 3.00°
Human insulin, pH 5.4
Human insulin, pH 7.4
Bovine insulin, pH 7.4
Protamine insulin, pH 7.4
Protamine, pH 7.4

45%x103£02%x1072 02
45x10'+02x10"" 11.0
30x1072£01x102 35
85x1073£06x10> 0.1
54%x10714£0.1 x 107!

2 DR obtained from the linear part of the dissolution profile.
> pH was not measured and adjusted during the experiment.
¢ Physical mixture 80:20 (w/w).
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Fig. 5. Concentration-distance profiles from an area of 0.5 x 2.8 mm? just above
the compact surface during the dissolution of human insulin in (A) 1.5% (w/v)
agarose hydrogel, pH 3.00, (B) 0.5% (w/v) agarose gel, pH 5.40 and (C) 0.5% (w/v)
agarose gel, pH 7.40, after O min (@), 10 min (M), 30 min (A), 60 min (V) and
120 min (¢) (n=3).
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pH indicators (methyl orange, methyl red, and bromothymol blue
at pH 3.00, 5.40 and 7.40, respectively) were incorporated in the
dissolution medium (agarose hydrogels), and the dissolution of
human insulin was monitored in the visible wavelength range,
where a change in pH results in a change in absorbance (and color).
Insulin does not absorb light in the visible wavelength range hence
changes in the absorbance during these experiments are strictly
due to pH changes. Absorbance-pH profiles for methyl orange,
methyl red and bromothymol blue were constructed as recently
described (@stergaard et al., 2014b). The absorbance-pH profiles
are shown in supplementary data Figs. A.2-A.4. A change in pH
was observed in the dissolution matrix during the dissolution of
human insulin at pH 3.00 and 7.40. In the dissolution experiment
with an initial pH of 3.00, the local apparent pH at the surface
increased from 3.07 to 3.78 during the first 30 min (Fig. 6A). At
pH 5.40, the pH of the dissolution medium was near constant
throughout the experiment (Fig. 7A). At pH 7.40 on the other hand,
the pH had decreased to 7.05 after 60 min (Fig. 7B). The obtained
results showed that the high apparent solubility and dissolution
rate of human insulin at pH 3.00 and 7.40 led to a change in pH,
because the buffer capacities of the dissolution media were not
sufficiently high to keep the pH in the dissolution media constant.
The pH in the hydrogel matrix was approaching a pH correspond-
ing to the isoelectric point of human insulin (pI 5.4). Solid insulin is
often prepared by isoelectric precipitation. In the present study,
the pH in a suspension of amorphous human insulin in water
(1 mg/ml) was measured to 5.5 after 5 min, it increased to 5.8 after
30 min and to 6.0 after 24 h. These pH measurements indicate that

the solid human insulin used in the present study was prepared by
precipitation of the human insulin from a solution at its isoelectric
point. The spatial resolution of the UV imager may not be sufficient
to measure the pH (and concentration) at the surface of the com-
pact. It is suggested that the observed increase in the concentration
of human insulin at the compact surface with time is due to pro-
tonation and deprotonation of the dissolved “isoelectric” insulin
at pH 3.00 and 7.40, respectively, resulting in sink conditions for
“isoelectric” insulin. Hence, due to this chemical conversion, a
steep concentration gradient is maintained for “isoelectric” insulin
at the compact surface throughout the experiment leading to the
apparent zero order dissolution kinetics. The local pH at the com-
pact surface changes with time, attaining a value in between the
isoelectric point of human insulin and the initial pH of the dissolu-
tion matrix. The change in pH occurs because of the acid-base
properties of human insulin and the buffering capacity of the
buffered solution in the hydrogel matrix. Fig. 5 shows the concen-
tration of human insulin (the molecular weight of human insulin:
5808 g/mol) as function of distance; it is seen that the measured
human insulin concentrations were much lower than the applied
buffer concentrations (0.17 and 0.067 M at pH 3.00 and 7.40,
respectively). The concentrations of the acidic and basic species
of the phosphate buffer (pK, (H,POz)=6.790 (Jungas, 2006)) at
e.g. pH 7.40 and 7.01 were calculated to 0.024 M H,P0Z/0.043 M
HPOZ~ and 0.029 M H,P0;/0.038 M HPO3 ", respectively. Compari-
son of the measured (total) human insulin concentrations above
the compact (Fig. 5) with the buffer concentrations, it is seen that
the measured human insulin concentration is approximately 20

Fig. 6. Absorbance maps of (A) human insulin and (B) human insulin:citric acid (80:20) in 1.5% agarose gel, pH 3.00, containing 7.5 x 10~> M methyl orange measured at
510 nm. The contour offset is 200 mAU and the contour interval is 50 mAU. The measurements were performed at 24.5 + 1.5 °C. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Absorbance maps of human insulin dissolution in (A) 0.5% agarose gel, pH 5.4, containing 5.2 x 10~> M methyl red (the contour offset is 150 mAU and the contour
interval is 25 mAU) and (B) 0.5% agarose gel, pH 7.4, containing 6.7 x 10~> M bromothymol blue (the contour offset is 200 mAU and the contour interval is 25 mAU). The
measurements were performed at 24.5 + 1.5 °C. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

times lower than the applied buffer concentrations after 60 min.
However, taking into account the ionizable amino acids of insulin,
the buffer capacity is probably not sufficient to maintain the pH
constant.

To investigate further the observed pH effect at the compact
surface, a pH-modifying excipient was incorporated in the
compact. Citric acid (20% (w/w)) was incorporated in the human
insulin compact, and the dissolution of human insulin was studied
in 1.5% (w/v) agarose gel at pH 3.00. In Fig. 6B, the pH-modifying
effect of citric acid in the microenvironment of the compact is
shown. The pH was observed to decrease from 3.07 to 2.80 after
5 min, whereafter the pH started to increase reached a pH of
3.45 after 90 min. Presumably, due to the high solubility of citric
acid, the duration of the pH modulating effect was relatively
short-lived. However, citric acid was shown to alter the pH in the
microenvironment of the compact resulting in an increased initial
dissolution rate of human insulin (Table 1). This is also in line with
the observed effect of the buffer in the dissolution experiments
conducted at pH 3.00 and 7.40. In accordance with previous stud-
ies, the pH modifying effect of citric acid led to an increased release
and dissolution rate of drug compounds (Hawley and Morozowich,
2010; Siepe et al., 2006). The pH modifying effect of organic acids
was shown to depend both on the pK, and the solubility of the pH
modifying excipient (Bassi and Kaur, 2010). As seen for the disso-
lution of pure human insulin at pH 3.00 and 7.40, the dissolution
profile of human insulin in the presence of citric acid was linear
(supplementary data Fig. A.5.).

The ability to map local pH provides unique insight into the
microenvironmental effects which directly affects insulin dissolu-

tion, release and diffusion. Microenvironmental pH effects have
previously been suggested e.g. to be the reason for an observed
increase in the drug release rate from PLGA-based microparticles
into a 0.6% (w/w) agarose gel as compared to the release rate in
agitated phosphate buffered solution (Klose et al., 2009). The
developed UV-Vis imaging method may serve as a general
approach for studying pH effect on drug dissolution, release and
diffusion.

3.1.2. Mass transport of human insulin

To characterize the mass transport of human insulin in the
hydrogel matrixes, apparent diffusion coefficients of human insu-
lin were determined by fitting the dissolution profiles to a deriva-
tion of Fick’s second law (Eq. (1)); the fit to the dissolution profiles
of human insulin at pH 5.40 are shown in Fig. 3. As previously
mentioned, diffusion of dissolved human insulin in the hydrogel
matrixes appeared to be symmetrical around the compact surface
(Fig. 2). Eq. (1) is applicable for one dimensional diffusion from a
source deposited initially at a plane surface. The error made by this
simplification may be reflected in the obtained apparent diffusion
coefficients. In the case of constant surface concentration, which
was seen in the dissolution measurement obtained at pH 5.40,
the apparent diffusion coefficient of human insulin (D £ SD) was
determined to 0.82 x 10719+ 0.09 x 10~1° m?/s. This value is close
to the apparent diffusion coefficient of the human insulin hexamer
as determined by UV imaging to 1.1 x 1071°£0.1 x 107 '°m?/s
(Jensen et al., 2014). The term apparent diffusion coefficient is
applied, because insulin exists in equilibrium between different
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association states (e.g. monomer, dimer, and hexamer), i.e. the dif-
fusion coefficient may be concentration dependent.

The linear dissolution profiles obtained at pH 3.00 and 7.40 did
not fit to Eq. (1). Due to the chemical conversion of dissolved
“isoelectric” insulin, the mass transport of insulin in the hydrogel
matrix at pH 3.00 and 7.40 may be described by the Nernst-Planck
equation with a kinetic term:

dc

dc d*C
dt

D 0 u-C—k-C (2)

where C is the concentration, x is the distance, u is the convection
and k is the reaction rate for the protonation or deprotonation of
“isoelectric” insulin. In the UV imaging in vitro method used in
the present study there was no convective mass transport, hence
the convective term in Eq. (2) may be omitted. The chemical conver-
sion into a highly soluble insulin analog results in sink conditions
and thereby a linear dissolution profile. The linear dissolution pro-
files may be rationalized from an expression analogous to the
Noyes-Whitney equation:
EAL ¢ q 3
where dC/dt is the dissolution rate, A is the surface area available for
dissolution, L is the thickness of the boundary layer (in which dif-
fusing “isoelectric” insulin is protonated/deprotonated), C; denotes
the apparent solubility of the “isoelectric” insulin at the surface of
the dissolving solid, and C; is the concentration of dissolved “iso-
electric” insulin in the bulk phase at time t (C; = 0). Usually, a con-
stant diffusion layer thickness (L) is achieved by efficient stirring,
high flow rates or other means of generating efficient convection.
In the present system there is no convection, but instead a chemical
process (protonation/deprotonation) converting the dissolving
“isoelectric” insulin. The thickness of this “diffusion” layer, in the
present study, is determined by the balance between the diffusion
rate of “isoelectric” insulin and the rate of the chemical process
(protonation/deprotonation) converting the dissolving “isoelectric”
insulin. Furthermore, this chemical conversion of dissolved
“isoelectric” insulin at pH 3.00 and 7.40 results in sink conditions
because C, is approaching zero. According to Eq. (3), this results in
a linear dissolution profile with a slope given by (A - D/L) - C;. The
mass transport of insulin in the hydrogel at pH 3.00 and 7.40,
reflected in the slope of the dissolution profile, is therefore deter-
mined by both the diffusive mass transport of human insulin in
the hydrogel and the reaction rate of the protonation and deproto-
nation of “isoelectric” insulin in the dissolution medium near the
compact surface.

Drug dissolution is highly influenced by the surrounding micro-
environment. The dissolution studies performed on human insulin
at pH 3.00, 5.40 and 7.40 highlights the ability of UV imaging to
capture differences in dissolution behavior. The selected conditions
are not all physiological relevant but serve the purpose of
documenting the suitability of the UV imaging technology.

3.2. Dissolution behavior of different insulins

A variety of different insulins are available in the treatment of
diabetes. In an attempt to develop an in vitro method that is able
to differentiate between the performance of different peptide and
protein drugs, the dissolution behavior of different insulins were
studied. The dissolution profiles of amorphous human insulin,
amorphous bovine insulin and protamine insulin into agarose
hydrogel at pH 7.40 are shown in Fig. 8. Calibration curves for con-
verting absorbance into concentration are shown in supplemen-
tary data Fig. A.1. As apparent from the dissolution profiles,
amorphous human insulin has a much higher dissolution rate than
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Fig. 8. Dissolution profiles for human insulin (@, ®, @), bovine insulin (I, Il [)
and protamine insulin (A, A, A) in 0.5% (w/v) agarose gel pH 7.4 obtained from the
UV imaging measurements (n = 3).

amorphous bovine insulin (Table 1). Also, the apparent solubility of
human insulin was higher as compared to bovine insulin (Table 1).
The initial dissolution rate depends among others on the solubility,
the surface area in contact with the dissolution media, the solid
state form and chemical or physical conversion of the dissolved
substance. TGA measurements showed that the water content of
the human insulin and bovine insulin sample was 5.9 + 0.5 and
9.7+0.3 (w/w)%, respectively (n=3). The TGA measurements
showed that in addition to surface water, the lyophilized bovine
insulin samples also contained bound water (TA Instruments,
2014; Wang, 2000). In the lyophilized solid bovine insulin samples,
surface water seemed to evaporate at temperatures <75 °C while
bound water was released over a temperature range up to
200 °C. In the solid human insulin samples most of the water
evaporated at temperatures <75 °C, and there seemed only to be
surface water in these samples (supplementary data Fig. A.6).
The thermogravimetric curves (supplementary data Fig. A.6) also
showed that decomposition of the insulin samples began at a tem-
perature of approximately 220 °C. In addition to the different water
contents of the samples, the primary structures of human insulin
and bovine insulin are dissimilar; three amino acids in the amino
acid sequences of the proteins are different. Polar amino acids
(threonine) in human insulin in position A8 and B30 are non-polar
(alanine) in bovine insulin (Brange, 1994; Florence and Attwood,
1998; Smith, 1966). Altogether, these differences between the
human insulin and bovine insulin samples may be the reason for
the difference in the apparent solubility and dissolution rate
observed in this study.

The dissolution behavior of the two-component system prot-
amine insulin into agarose hydrogel at pH 7.40 was studied and
compared to the dissolution behavior of human insulin and bovine
insulin. Initial measurements showed that relatively high apparent
solubilities and dissolution rates were obtained for the individual
compounds; human insulin and protamine sulfate (Table 1). In
the present study protamine insulin was prepared without adding
phenol or cresol to the human insulin solution, because phenolic
compounds make the UV imaging data interpretation difficult
due to high UV absorbance of these compounds in the 200-
300 nm range (at the same wavelengths as insulin absorbs UV
light). Normally, phenol or cresol is added in the preparation of
protamine insulin to obtain protamine insulin crystals
(Krayenbiihl and Rosenberg, 1946). Hence, the prepared protamine
insulin in the present study should therefore not be mistaken with
standard protamine insulin. Commercially available crystalline
protamine insulin suspensions (Humulin® NPH and Insulatard®)
are used in the treatment of diabetes for obtaining a sustained
release of insulin for up to 24 h. A lower dissolution rate of the
prepared protamine insulin sample was therefore expected. The
binding mode of the protamine insulin complex is not known,
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but it has been suggested that the primary function of protamine in
protamine insulin formulation is to balance the overall charge of
insulin (Norrman et al., 2007). Insulin and protamine co-precipi-
tate in a 5:1M ratio (Simkin et al., 1970). During dissolution,
protamine is assumed to be released together with the hexamer
approximately in a 1:1 ratio (Seeborg et al., 2009). In vivo, the prot-
amine insulin crystals are packed tightly into so-called heaps
which are dissolved slowly via a gel-like state (Sgeborg et al.,
2011).

A disadvantage of the UV imaging setup, when e.g. studying the
dissolution of the two-component system protamine insulin is that
it is only possible to monitor the dissolution process at a single
wavelength at a time. This makes it challenging to study the disso-
lution rate of the drug compound of interest due to difficulties in
differentiating the UV absorbance of the individual compounds. It
is therefore crucial to select a suitable wavelength, where only
insulin absorbs, to obtain exclusive detection of insulin. Based on
UV scans of the respective compounds, it was found that prot-
amine only absorb UV light in the 200-250 nm wavelength range
(supplementary data Fig. A.7). A wavelength of 280 nm was ini-
tially selected to measure the UV absorbance of insulin, but due
to a low dissolution rate, it was not possible to quantify the dis-
solved insulin. Instead, the dissolution measurements of protamine
insulin were performed at a wavelength of 232 nm, where prot-
amine makes only a minor contribution to the UV absorbance (less
than 4%) (supplementary data Fig. A.7). Hence, the initial experi-
ments confirmed the sustained release properties of the protamine
insulin. As apparent from Fig. 8 and Table 1, the dissolution rate
and apparent solubility of the insulins at pH 7.40 decreased in
the following order human insulin > bovine insulin > protamine
insulin. From visual inspection of the solid compacts before, during
and after the dissolution experiments different solid surface
behaviors of the insulins were observed. During the dissolution
of protamine insulin, the solid compact was observed to swell or
expand above the cup and cracks appeared in the compact surface
(supplementary data Fig. A.8). XRPD measurements showed that
the samples of human, bovine and protamine insulin were amor-
phous throughout the experiments. Hence, from the obtained
results it was shown that the applied in vitro dissolution method
was able to differentiate between the dissolution of the different
insulins (human insulin, bovine insulin and protamine insulin) in
the hydrogel matrixes at pH 7.40.

4. Conclusion

Real-time UV imaging was able to provide qualitative as well as
quantitative information on the dissolution behavior of human
insulin at different pH values and of human insulin, bovine insulin,
and protamine insulin at pH 7.40. The dissolution measurements of
human insulin, bovine insulin and protamine insulin in the agarose
hydrogel matrixes at pH 7.40 showed that the UV imaging-based
dissolution testing method was able to differentiate between the
performances of the different insulins. It was shown that the
dissolution rate decreased in the following order human insu-
lin > bovine insulin > protamine insulin. Furthermore, the dissolu-
tion rate of human insulin in hydrogel matrixes was observed to
be highly dependent on the pH, and the dissolution rate decreased
in the following order pH 3.00 > 7.40 > 5.40. Interestingly, the
amount of dissolved human insulin increased linearly with time
at pH 3.00 and 7.40 indicating different dissolution kinetics than
at pH 5.40. Protonation and deprotonation of dissolved “isoelec-
tric” insulin at pH 3.00 and 7.40, respectively, maintaining a steep
concentration gradient at the compact surface, was identified as
the reason for the observed increase in the insulin concentration
at the compact surface and the obtained linear dissolution profiles.

By applying a derivation of Fick’s second law, the apparent diffu-
sion coefficient of human insulin in the hydrogel matrix at pH
5.40 was obtained. Based on the results it was seen, that the simple
mathematical model (Eq. (1)) was not suitable in terms of describ-
ing the mass transport of the dissolved human insulin in the
hydrogel matrix at pH 3.00 and 7.40. This confirms the importance
of performing dissolution studies using a suitable in vitro dissolu-
tion method. Hence, the ability of the UV-Vis imaging system to
measure the spatially and temporally absorbance, here reflecting
the concentration and pH, in the vicinity of the compact surface
provided insight into the dissolution process of insulin in hydrogel
matrixes which may not have been obtained by conventional dis-
solution testing methods. Hence, UV-Vis imaging may provide a
general method for studying pH effect on peptide and protein dis-
solution. By combining hydrogel matrixes with UV-Vis imaging a
better understanding of the in vivo dissolution process of sustained
release formulation intended for the subcutaneous tissue may be
obtained. The current work constitutes a step toward the establish-
ment of a compound sparing UV imaging - based dissolution
testing method for peptides and proteins for subcutaneous
administration.
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