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Abstract OO The preparation of stable solid protein formulations
presents significant challenges. Ultimately, the interactions between
incorporated excipients and the pharmaceutical protein determine the
formulation stability. In this study, moisture was utilized to probe the
interactions between a model protein, trypsinogen, and sucrose in
the solid state, following spray drying. Through investigation of the
physical properties of the spray-dried formulations, we attempted to
elucidate the mechanisms underlying the previously observed!?
stabilizing and destabilizing effects of the carbohydrate during spray
drying. Both dynamic and equilibrium moisture uptake studies indicated
the presence of an optimal protein—sugar hydrogen bonding network.
At low sucrose contents, a preferential protein—sucrose hydrogen
bonding interaction was dominant, resulting in protein stabilization.
However, at high carbohydrate concentrations, preferential sugar—
sugar interactions prevailed, resulting in a phase separation within
the formulation matrix. The preferential incorporation of the sucrose
molecules in a sugar-rich phase reduced the actual amount of the
carbohydrate available to interact with the protein and thereby
decreased the number of effective protein—sucrose contacts. As a
consequence, the protein could not be effectively protected during
spray drying. We hypothesize that the observed phase separation at
this sucrose concentration regime originates from its exclusion from
the protein in solution before spray drying, further accompanied by
preferential clustering of the sucrose molecules.

Introduction

The development of solid state dosage forms of biophar-
maceutical molecules presents considerable challenges
since the processing environments impose severe stresses
that may destabilize and ultimately denature these labile
biomolecules. Previous studies have indicated that lyo-
philization can extensively perturb the structure and
diminish the activity and physical stability of several
proteins.®~> Similarly, spray drying and precipitation in
supercritical antisolvents, methods frequently used for
production of protein microparticles, have been shown to
disrupt the native structure and compromise the enzymatic
activity of various proteins.126-10 Indeed, the processes
involved in spray drying impose stresses that can poten-
tially have detrimental effects on protein stability: pres-
sure effects and exposure to air—liquid interfaces during
atomization, as well as heat and dehydration stresses
during the drying process, have all shown capacity to
denature proteins.13-511

In many cases, formulation excipients are required to
preserve the protein native structure and stability in the
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solid state and to ensure physical stability during either
long-term storage or delivery. Research efforts over the past
decade have indicated that carbohydrates, and in particular
disaccharides, can provide significant protection during
lyophilization by preserving the native protein structure
during the dehydration process.3+12 Similarly, sucrose and
trehalose have shown efficacy in stabilizing several pro-
teins, such as trypsinogen, lysozyme, and soybean trypsin
inhibitor (STI) during spray drying.121314 The stabilization
was shown to occur via preservation of the native protein
structure in the solid state along with impediment of
protein aggregation on reconstitution.1?2 Although the
formation of a glassy matrix has been proposed as a
stabilization mechanism, the “water replacement” theory
is the only one that accounts for specific interactions
between the proteins and carbohydrates in a mechanistic
fashion. In terms of the latter, disaccharide-induced protein
stabilization during drying is thought to occur via hydrogen
bonding between sugar and protein molecules, thereby
satisfying the hydrogen bonding requirements of the
protein during the dehydration step.3412.15.16

However, our previous studies?1314 have shown that at
high concentrations of both disaccharides, the stabilizing
effects were partially dissipated: at increasing sucrose-to-
protein mass ratios the activity losses approached those
observed in the absence of the excipient. Similar activity
profiles were observed for STI and trypsinogen when spray-
dried in excess of trehalose.1314 The incurred losses could
not be accounted by aggregation or major conformational
perturbations, leading to the hypothesis of process-medi-
ated, irreversible enzyme destabilization.!

In effort to account for the destabilizing carbohydrate
effects, moisture was used to probe the interactions be-
tween trypsinogen and sucrose in the solid state following
spray drying. The utilization of moisture as a probe is of
particular interest since water is a key determinant of both
the solid matrix integrity and the excipient—protein inter-
actions. Dynamic and equilibrium moisture sorption analy-
ses were used to characterize the nature and strength of
trypsinogen—sucrose interactions, while physicochemical
and thermal methods of analysis were used to probe the
state of sucrose in the solid state. The phenomenon of the
reduced stabilization of trypsinogen during spray drying
at high sucrose concentrations was also examined. The
results presented in this study are expected to improve the
understanding of protein—excipient interactions in the solid
state and to aid the design of stable spray-dried protein
formulations, with implications for other solid-state pro-
cessing methodologies.

Experimental Section

Chemicals—Trypsinogen (1x crystallized, dialyzed against 1
mM HCI and lyophilized; Lot no. 38E273N) was purchased from
Worthington Biochemical Corporation (Freehold, NJ). Ultrapure
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sucrose (>99.5% purity via HPLC, Lot no. 35H03582) was
purchased from Sigma Chemical Company (St. Louis, MO).
Lithium chloride, potassium carbonate, potassium phosphate,
calcium chloride, and sodium chloride salts were purchased from
J. T. Baker (Phillipsburg, NJ). Barium chloride and ammonium
chloride were purchased from Mallinckrodt (St. Louis, MO).

Experimental Design—Protein powders were prepared by
spray drying formulations at different sucrose-to-protein mass
ratios: no sucrose, 0.25:1, 0.5:1, 1:1, 2:1, 4:1, 8:1, and no protein,
which correspond to sucrose concentrations of 0, 0.015, 0.029,
0.058, 0.234, 0.47, and 0.53 M, respectively. In all cases, the protein
concentration was held constant at 20 mg/mL. All results in this
study are reported in terms of sucrose-to-protein mass ratios.

Spray Drying—Trypsinogen particles were prepared by spray
drying in a Yamato minispray dryer model ADL-31 (Yamato
Scientific, Orangeburg, NY). The proteinaceous solutions were
prepared in 1 mM HCI, achieving a pH around 3.1 for all
formulations in order to minimize the autolysis of the enzyme.17
The solutions were continuously fed to the spray dryer at an
approximate flow rate of 3—5 mL/min and were dried at an inlet
temperature of 120 °C; outlet temperatures ranged from 85 to 90
°C. Powders were aliquoted in lyophilization vials in a drybox
(Terra Universal, Anaheim, CA) at <1% relative humidity (% RH).

Particle Size Analysis—The particle size of the spray-dried
powders was determined with a Malvern Mastersizer S (South-
borough, NH) laser-light scattering analyzer. Small amounts of
powders were dispersed in an excess of octanol; the suspension
concentration was properly adjusted to attain optimal obscuration.
The samples were then analyzed in a static mode; measurements
were repeated in triplicate over a 20-min period, to ensure that
no dissolution or powder agglomeration occurred. The size distri-
bution was expressed in terms of volume median diameter, particle
size range, and span.

Moisture Analysis—The moisture content of the spray-dried
powders was analyzed via Karl Fisher titration; assays were
performed on an Aquatest 10 Karl Fisher Coulorimetric Titrator
(Seradyn, Indianapolis, IN), calibrated with anhydrous methanol.
The moisture content of the protein microparticles was monitored
in triplicate using a methanol extraction protocol.

Moisture Sorption Isotherms—Dynamic moisture sorption
isotherms were determined by gravimetric measurement of water
uptake using an Integrated Microbalance System, model MB-300G
(VTI Corporation, Hialeah, FL), equipped with a digital Cahn
ultra-microbalance model 13200-1 (Cahn Instruments, Madison,
WI). The microbalance was calibrated with poly(vinylpyrollidone)
(PVP) standard. The temperature of the sample chamber through-
out the experiment was maintained at 37 °C by circulating water
from a constant temperature Neslab circulator, model RTE-100
(Neslab Instruments Inc., Newington, NH) in a water jacket built
around the sample compartment. Five to ten milligrams of sample
was loaded onto the microbalance, carefully minimizing the sample
exposure to ambient conditions. The powder was first subjected
to a drying cycle, in which the residual water was removed by
vacuum, until equilibrium was attained; the equilibrium criteria
were set to reflect sample weight fluctuations of less than 5 ug
(representing <1% of the loaded sample) within 5 min. Following
drying, the samples were exposed to incremental changes in
relative humidity from 0 — 95 — 0% RH at 5% RH intervals. The
%RH level was automatically incremented only after complete
sample equilibration at each RH level, as dictated by the set
equilibrium conditions of less than 3 ug weight change every 10
min with a maximum equilibration time of 400 min. All sorption
profiles were determined in triplicate.

The monolayer amount of sorbed water molecules was calcu-
lated by a fit of the adsorption data between 0 and 30% RH to the
two-state Brunauer—Emmet—Teller (BET) equation?®

WmCB(P/Po)

W T PPy — (PIPy + CoPIP

@

where W is the weight of water adsorbed per unit weight of dry
solid at a relative pressure of P/P,, P and P, are the vapor pressure
and saturation vapor pressure of water, respectively, at the
experimental temperature, Wy, is the monolayer capacity of the
adsorbent, and Cg is a constant related to the heat of adsorption.
The latter provides an indication of the affinity of water molecules
for the solid sample!®20 and is given by:18:21

L

H
Cg=k exle—T 2

where Hj is the heat of adsorption of the first vapor molecule
adsorbed to a substrate site, H,_is the heat of condensation of bulk
adsorbate, R is the universal gas constant, T is the absolute
temperature, and k is a constant, usually assumed to be close to
unity.?! The approximate water sorption-based sample surface
area was calculated from the BET monolayer value assuming 12.5
A2 for the cross-sectional area of each water molecule.!?

BET Surface Area Measurements—The measurements were
carried out on a Gemini 2360 surface area analyzer (Micromeritics
Instrument Corporation, Norcross, GA) based on the multi-point
BET gas adsorption method. For each measurement 0.4—1.5 g of
spray-dried powders were loaded onto the sample holder. The
surface area was determined using nitrogen as the adsorbate at
five different relative pressures (P/P, range of 0.1—-0.3). Prior to
the measurements, the samples were degassed under high vacuum
at room temperature for at least 24 h, until no further gas or vapor
evolved, as judged by the stabilization of the instrument readings.

Equilibrium Sorption Experiments—The spray-dried samples
were stored for 10 days at room temperature in sealed desiccators
equilibrated with the appropriate saturated salt solutions. The
humidity was maintained at 12, 43, 75, and 84% RH with
saturated aqueous solutions of LiCl, K,CO,, NH4CI, and BaCl,,
respectively. The physical state of the powders was characterized
by X-ray diffraction and thermal analysis.

Powder Thermal Stability—The thermal stability of the
spray-dried formulations was determined by the glass transition
(Tg) and crystallization exotherms (T¢ryst) Obtained by solid state
DSC. The experiments were performed on a TA Instruments (New
Castle, DE), Model 2920 DSC, which was calibrated with indium
prior to sample analysis. Approximately 10—50 mg of the samples
were loaded under environmentally controlled conditions in 50-
uL hermetically sealed aluminum pans. After a short preequili-
bration step at —20 °C, the samples were heated to 200 °C. In
effort to deconvolute relaxation events during the glass transition,
the samples were analyzed by modulated DSC (MDSC) at a
heating rate of 5 °C/min with a modulation frequency of £2 °C
every 60 s. The glass transition temperatures were extracted in
triplicate using the transition midpoints.

X-ray Diffraction Experiments—X-ray diffractograms (Coors
Ceramics Analytical Laboratory, Golden, CO) were collected using
a Scintag Pad X 6-0 diffractometer under the following condi-
tions: copper tube operated at 45 kV, 40 mA; goniometer radius
250 mm; beam divergence slits of 6 and 1 mm and scatter and
receiving slits of 0.5 and 0.3 mm; germanium solid state detector
bias 1000 V; the PHA was set to accept only K-a radiation. The
samples were loaded on a zero-background quartz plate mounted
on a special sample holder. Diffractograms were collected between
3° and 90° 26 at a scan speed of 2.0° 26 per minute and a chopper
increment of 0.03° 20. The temperature at the time of the
experiments was approximately 23—25 °C. The percent crystal-
linity of the samples was calculated by numerical integration of
the sample and amorphous X-ray diffraction data over the 5—80°
range. After background subtraction, utilizing a cubic spline fit,
the integrated peak areas were determined using a Lorentzian
profile fitting routine, and % crystallinity was assessed by
calculating the relative percentage of crystalline peak areas to the
total area under the diffractograms.??

Results

Particle Size Analysis—The size distribution analysis
of the spray-dried particles is given in Table 1. In agree-
ment with our previous observations,»* spray drying of
the trypsinogen—sucrose formulations produced a homo-
geneous monomodal distribution of an approximate diam-
eter of 3—5 um and a narrow range (0.8—20 um). The
addition of sucrose had a rather minor effect on the particle
average diameter: a small increase of the particle size was
observed with increasing amounts of added sucrose, how-
ever, within the error of the measurements.

Moisture Content—The moisture content of the spray-
dried trypsinogen powders as a function of the protein-to-
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Table 1—Particle Size and Size Distribution of Spray-Dried
Trypsinogen-Sucrose Powders?

sucrose:trypsinogen median (SSA)estimated

mass ratio diameter® (um) span® (m?g)

no sucrose 3122 1.03+0.02 2306
0.25:1 3.2+13 1.04 £ 0.02 21+05
051 3623 1.15+£0.03 15+£04
11 3.7+£28 1.26 +0.03 14+04
2:1 46+18 1.11+£0.01 0702
4:1 49+09 1.26 +0.02 06+0.2
8:1 52+19 1.16 +0.03 05+01

2 Values represent averages and standard deviations of triplicate measure-
ments. ® Volumetric median diameter (D(v, 50)). ¢ Span = [D(v, 90) — D(v,
10))/D(v, 50), where D(v, 90), D(v, 50), and D(v, 10) are the equivalent volume
diameters at 90, 50, and 10% cumulative volume, respectively. ¢ Nominal
specific particle surface area estimated based on the particle size distribution.

w
:

Moisture Content, % w/w

0 v T
No Sucrose  4:1

2:1 121 1:2 1:4 1:8

[Sucrose]:[Trypsinogen] Mass Ratio

Figure 1—The effect of sucrose on the moisture contents of the spray-dried
trypsinogen formulations. Error bars represent () one standard deviation of
triplicate determinations.

sucrose mass ratio is shown in Figure 1. In agreement with
our previous studies,»* spray drying yielded powders of
very low residual moisture. The moisture content achieved
when trypsinogen was spray-dried in the absence of sucrose
was 2.2 + 0.1% w/w. This is lower than the calculated water
monolayer value of 5.4% w/w, which assumes the attach-
ment of one water molecule per charged amino acid, as
suggested by Leeder et al.?3

The addition of sucrose, up to a sucrose-to-protein mass
ratio of 1:1, progressively decreased the attained moisture
content; thereafter, it remained constant up to the highest
sucrose concentration examined. The observed reduction
in the final moisture content indicates that the dehydration
process is more efficient in the presence of sucrose. This
could indicate an increase of the effective heat transfer
coefficient as a consequence of the increased surface tension
of the droplets, caused by the addition of sucrose. Alter-
natively, it may reflect facilitation of the removal of water,
thereby providing an indirect indication of specific hydro-
gen bonding interactions between the spray-dried compo-
nents.

Particle Surface Area Analysis—The nitrogen ad-
sorption analysis results are given in Table 2. The surface
area of pure protein particles was 14.5 + 0.02 m?/g, which
is larger than what would be expected for perfectly spheri-
cal particles of this volumetric size distribution (given in
Table 1). Since nitrogen sorption is a purely surface
phenomenon, this suggests that the particle surface is not
perfectly smooth or alternatively the presence of blowholes
and cracks. Upon addition of sucrose the surface area
decreased: at a sucrose mass ratio of 1:1, it became half of

362 / Journal of Pharmaceutical Sciences
Vol. 88, No. 3, March 1999

that in the absence of the carbohydrate, while at the
highest sugar mass ratio examined, the mean particle
surface area decreased 4-fold. A similar trend was observed
for the estimated values of Wy, which decreased with
increasing sucrose content, thereby providing further
evidence of a decrease in the available surface sites for
nitrogen adsorption. Scanning electron microscopy (SEM)
analysis (data not shown) confirmed that this was due to
the increased smoothness of the sucrose-containing par-
ticles compared to the wrinkled surface of those in the
absence of the carbohydrate; no cracks or blowholes were
observed. In contrast, the affinity of the adsorbate for the
particle surface did not appear to change with the addition
of sucrose, as suggested by the relatively invariable values
of the constant CNg, indicative of similar heats of nitrogen
adsorption to the particle surface.

Dynamic Moisture Sorption Isotherms—The mois-
ture adsorption/desorption isotherms are shown in Figures
2a—f and the BET analysis results are given in Table 2.
Spray-dried trypsinogen in the absence of sucrose exhibited
a sigmoidal-Type Il adsorption isotherm (Figure 2a), which
is characteristic of amorphous protein and protein—sugar
systems.24=31 The estimated monolayer of 5.3 4 0.6 g/100
g solid is in excellent agreement with that calculated by
assuming strong adsorption sites on the protein surface (5.4
g/100 g solid). This suggests that at the monolayer, ap-
proximately 67 + 5 water molecules are bound per trypsi-
nogen molecule. The adsorption curve also indicates that
the amount of moisture sorbed in the multilayer region
(>20—25% w/w) is much larger than what would be
expected from the particle surface area. This is also implied
by the calculated water sorption-based specific surface area,
which is much larger than that determined by the nitrogen
adsorption experiments. These observations provide cor-
roborative evidence that moisture actually penetrates into
the amorphous solid in contrast to the purely surface-
limited adsorptive phenomenon.2:3° Absorption phenomena
have been previously described for lyophilized lysozyme,
recombinant bovine somatotropin (rbST), ovalbumin, g-lac-
toglobulin, and microcrystalline cellulose.?24303233 The mois-
ture sorption profile of trypsinogen also revealed the
presence of hysteresis [Wdesorption — \padsorption] ., hetween
the sorption and desorption isotherms, which is generally
thought to be a consequence of water absorption. The
hysteresis loop appeared at 80% RH and closed at 0% RH,
indicating the complete reversibility of water sorption,
under the experimental conditions.

On addition of low-to-moderate concentrations of sucrose
(carbohydrate-to-protein mass ratios of 2:1 and 1:1), the
sorption curves retained their Type Il profile, as shown in
Figures 2b and 2c, respectively. However, the amount of
moisture sorbed at low vapor pressures appeared to
decrease with increasing sucrose content, and it reached a
minimum at a mass ratio of 1:1. This was also reflected in
the values of Wy, which decreased to 4.8 + 0.1, 4.6 + 0.1,
and 4.4 + 0.1 g H,0/100 g solid at sucrose-to-protein mass
ratios of 0.25:1, 0.5:1, and 1:1, respectively, indicating a
reduction of the number of sorbed water molecules per unit
weight of the solid at monolayer conditions. The same trend
was observed for the water sorption-based particle surface
areas, which, however, remained higher than the actual
surface areas, indicating that absorption is still the main
mode of water interaction with the solid. The gradual
addition of sucrose appears to also progressively reduce the
magnitude of the hysteresis loop: the loop areas decreased
from 135 + 4.4 units in the absence of sucrose, to 103.2 +
9.9 and 93.2 + 3.3 units for sucrose-to-protein mass ratios
of 0.25:1 and 0.5:1, respectively. The hysteresis loop disap-
peared at a mass ratio of 1:1 (area of 1.2 + 1.1 units).

In contrast, at high sucrose contents (mass ratios > 1:1),



Table 2—Gas and Moisture Sorption BET Analysis of Spray-Dried Trypsinogen—Sucrose Formulations

sucrose:trypsinogen

gas sorption analysis

moisture sorption analysis

mass ratio surface area,® (m?/g) Wi (gr/100 g solid) CNg? app. surface area,’ (m?/g) ~ Wy° (gr/100 g solid) CWgP AWe
no sucrose 145+ 0.02 3.3+0.01 321+0.01 224.3+18.6 53+05 124+0.9 0

0.25:1 - - - 202.3+£11.8 48+0.1 6.2+05 05+0.1
0.5:1 9.3+£0.01 21+0.01 29.4+0.01 1999+74 46+0.1 47+0.2 0.7+£0.1
11 7.6x0.01 1.7+£0.01 29.3+£0.01 185.4 + 13.4¢ 44+0.1° 5.6 £0.5¢ 09+0.1
2.1 6.5+0.01 15+0.01 27.6 £0.01* 196.9+28 47101 6.2+0.7 06+0.1
4:1 55%0.01 1.3+£0.01 28.1+£0.01 228.5 +20.1¢ 5.1+0.6¢ 4.4+0.69 02+11
8:1 3.6+£0.01 0.8+0.01 29.9+0.01 244.5 + 80.8¢ 5.4+0.44 35+05¢ —0.1+04

@ Standard errors represent standard deviations from the fit of the five-point gas sorption curve. " Values represent averages and standard deviations of
triplicate measurements (n = 3) except °n = 2, and % = 5. € AWy, = W, Protein —\j, protein/sucrose,
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Figure 2—Dynamic moisture absorption (O) and desorption (OJ) isotherms of spray-dried trypsinogen-sucrose formulations (a) in the absence of sucrose, and
sucrose-to-protein mass ratios of (b) 0.25:1, (c) 1:1, (d) 2:1, (e) 4:1, and (f) 8:1. Error bars represent () one standard deviation of triplicate determinations.

the amount of sorbed moisture at low vapor pressures
increased with increasing sucrose concentration. This was
also reflected in the increasing values of the water-based

BET surface areas as well as the estimated equivalent
monolayer values. The latter gradually increased from 4.4
+ 0.1 g/100 g solid at a mass ratio of 1:1, to 4.7 + 0.1, 5.1
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Figure 3—Comparison of the sucrose crystallization phenomenon for the spray-
dried formulations at sucrose-to-trypsinogen mass ratios of (a) 2:1, (b) 4:1,

(c) 81, and (d) in the absence of protein. Error bars represent (+) one standard
deviation based on triplicate determinations.

+ 0.6 and 5.4 £+ 0.4 g/100 g solid at mass ratios of 2:1, 4:1,
and 8:1, respectively. Therefore, at this sucrose concentra-
tion regime, the available water sorption sites progressively
increased with increasing sucrose content. At the highest
sucrose-to-protein mass ratio, Wy, reached the value de-
termined for the spray-dried pure protein, potentially
implying that all the initial sorption sites in the mass of
the solid have been reinstated. This is further demon-
strated by the decreasing value of the constant CWg, which
indicates a decline of the heat of water sorption, and
thereby decreased affinity of water for the particles, with
increasing sucrose concentrations.

One of the most significant features of the sorption
isotherms at this sucrose concentration regime is the
discontinuity appearing at high vapor pressures. For the
2:1 formulation, the discontinuity occurred at approxi-
mately 75% RH. This break is thought to be due to the
release of water following the phase transition of sucrose
from the amorphous glass to its crystalline state.2431.34-36
The formed crystals persisted up to 80% RH; upon further
increase of the vapor pressure, the powder resumed its
sorptive behavior, as large amounts of water were ab-
sorbed: this is indicative of the dissolution of the sucrose
crystals and the formation of a saturated solution.3%.3536
On reversal of the sorption driving force, this formulation
exhibited a desorption pathway that followed closely the
absorption curve. With the exception of the absence of the
discontinuity in the desorption curve, no hysteresis phe-
nomena were observed, and therefore sorption of moisture
was fully reversible, as also indicated by the return to the
initial conditions.

Crystallization was also observed at all higher sucrose
concentrations (Figures 2e,f). However, it occurred at lower
critical RH: 55 and 45% for the spray-dried samples at
sucrose-to-protein ratios of 4:1 and 8:1, respectively. The
crystallization process began at moisture contents of 10.2
+ 1.4 and 7.9 4+ 0.3% w/w and completed at 80% RH at 5.1
+ 0.76 and 2.9 & 0.6% wi/w for the 4:1 and 8:1 formulations,
respectively. In agreement with the observations with the
2:1 formulation, the sucrose crystals dissolved and the
powders resumed their sorptive behavior at 85% RH.
However, the desorption isotherms of these samples did
not follow the absorption portions, while the loops did not
close upon return to the initial conditions, potentially
indicating irreversible changes in the state of the powder
during the sorption process. In comparison, in the adsorp-
tion isotherm of spray-dried pure sucrose (Figure 3) the
crystallization discontinuity occurred at approximately 30—
35% RH. The crystallization process began at a moisture
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Table 3—Glass Transitions of the Spray-Dried Sucrose—Trypsinogen
Powders before and after Exposure to Controlled Relative Humidity
Levels®

. . glass transition (Tg)?
sucrose:trypsinogen

mass ratio no. exposure 12% 43%
0.25:1 80.4+13 442+0.8 NDP
11 751+£19 44605 NDP
21 713+19 39.2+16 56+27
41 69.5+2.7 39.9+29 31+11
81 67.4+26 423+34 NDP

@ No glass transitions were detected for the samples exposed to 75 and
84% RH. ® No glass transitions were detected.

content of 5.4 + 0.6% and completed at 0.8 + 0.3% w/w.
This result is very similar to that observed in previous
studies of sucrose crystallization by Saleki—Gerhardt et
al.,3* which indicated crystallization of sucrose at ap-
proximately 32% RH (equilibrium water content of 6% w/w)
at 25 °C, which is within experimental error from our
observations.

The results, as illustrated in Figure 3, indicate that
increased sucrose concentration in the spray-dried mixtures
facilitates its moisture-induced crystallization. From a
different perspective, the addition of protein inhibits the
carbohydrate state transition, as indicated by the decreas-
ing critical crystallization RH with increasing protein
concentration in the solid matrix. Similar results have been
reported for binary mixtures of sucrose with other proteins,
such as recombinant consensus interferon (rConlFN) and
recombinant human granulocyte colony stimulating factor
(rhG-CSF),%” rbST,% and several polymers, such as starch
and celluloses.?® However, in the case of the rbST—sucrose
system, the exact value of the critical %RH of sucrose
crystallization at different protein contents was generally
higher than that observed in our studies; the different
experimental temperatures as well as the differences of the
initial states of the spray-dried and lyophilized powders
may account for the observed differences.

X-ray Diffraction Analysis—The diffractograms of all
spray-dried formulations (results not shown) were char-
acterized by two broad humps and the absence of any sharp
peaks over the entire 26 range, which are indicative of their
amorphous nature, confirming the water sorption findings.
Even at the highest sucrose-to-protein mass ratio of 8:1,
the carbohydrate retained its amorphous character, as
would be expected from the nature of the process and the
very low moisture contents attained. These results are in
agreement with previous studies that indicated the amor-
phous character of spray-dried rConlFN and rhG-CSF
formulations even when they were prepared at high
concentrations of trehalose (90% wi/w).37

Powder Thermal Analysis—The glass transitions of
the spray-dried sucrose—trypsinogen formulations, as ob-
tained by DSC thermal analysis, are given in Table 3. The
glass transition of the spray-dried pure trypsinogen could
not be determined. This is a common problem with protein
glasses in the absence of excipients,®”:38 which presumably
arises from their large internal heterogeneity and results
in an extremely broad distribution of their relaxation
times.*® However, the determination of T4 was possible for
the sucrose-containing formulations. In all thermograms,
only a single glass transition was observed, implying the
complete miscibility of the protein and sucrose in the
amorphous matrixes or, alternatively, that a second phase,
if present, exists in small amounts that cannot be detected
by DSC. Increasing sucrose concentrations gradually de-
creased the glass transition from 80.4 + 1.3 °C at a mass
ratio of 2:1 to 68.4 + 3.2 °C for the 8:1 formulation. This
observation provides further evidence of the miscibility of
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Figure 4—X-ray diffractograms of spray-dried trypsinogen formulations before
exposure to elevated moisture: (a) in the absence of sucrose and at sucrose-
to-protein mass ratios of (b) 0.5:1, (c) 1:1, (d) 2:1, (e) 4:1, and (f) 8:1.

the two formulation components in the solid matrix.38 In
contrast with the other spray-dried powders, the formula-
tion at a sucrose-to-protein mass ratio of 8:1 exhibited a
stress relaxation endotherm, indicating increased molec-
ular mobility of its components.3

The formulations at high sucrose concentrations further
exhibited an exothermic transition, which is characteristic
of sucrose recrystallization. The exact temperature and
magnitude of the transition, however, varied with the
formulation: 173.9 °C, 160.4 °C, and 142.9 °C for the
formulations at sucrose-to-protein mass ratios of 2:1, 4:1,
and 8:1, respectively. These results are in agreement with
previous studies,®® and further confirm the hypothesis of
protein-induced inhibition of sucrose crystallization, as
observed in the dynamic moisture sorption experiments.

Equilibrium Water Sorption Studies—These studies
were performed to confirm the dynamic sorption isotherms,
which do not represent true equilibrium events; the “non-
equilibrium” attributes arise from the limitations of user-
defined equilibrium criteria of the “dynamic sorption”
experiments prevent the system from reaching true equi-
librium. The diffractograms of the moisture-exposed samples
are shown in Figures 5—7, and the sample crystallinity
analysis is given in Table 4. The X-ray diffraction analysis
of the moisture-exposed samples confirmed the dynamic
sorption experiments, indicating the appropriateness of this
technique. When the spray-dried particles were exposed
to 12% RH, the formulations retained their amorphous
character; the diffractograms illustrated in Figure 4 are
characterized by two broad humps and the absence of any
sharp features. This is expected from the dynamic moisture
sorption studies, which indicated the absence of any state
changes in all formulations at this %RH level. Further,
these results are in agreement with moisture sorption
studies of protein—disaccharide systems, which demon-
strated the absence of state transitions (for both sucrose
and trehalose) upon exposure to low relative humidities.37:38
However, the absorbed water plasticized the solid matrixes,
as indicated by the decreased glass transitions given in
Table 3. For all examined powders, Ty was reduced to
almost half of its original value, while all formulations
exhibited a relaxation endotherm during the glass transi-
tion.

As indicated in Figure 5, even after exposure to 43% RH
most spray-dried powders (sucrose-to-protein mass ratios
of 1:1, 2:1, and 4:1) remained amorphous, again in good
agreement with the dynamic moisture sorption studies. In
contrast, the diffractogram of the highest sucrose-contain-
ing powder (8:1) exhibited crystalline patterns dominated
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Figure 5—X-ray diffractograms of spray-dried trypsinogen formulations after
equilibrium exposure to 12% RH for 10 days. Formulations are at sucrose-
to-protein mass ratios of (a) 2:1, (b) 4:1, and (c) 8:1.
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Figure 6—X-ray diffractograms of spray-dried trypsinogen formulations after
equilibrium exposure to 43% RH for 10 days. Formulations illustrated are at
sucrose-to-protein mass ratios of (a) 2:1, (b) 4:1, and (c) 8:1.

by sharp peaks located at 11.6°, 12.8°, 18.8°, and 24.7°,
which are indicative of sucrose crystals.3® The incurred
phase transformation was expected, since the dynamic
sorption results indicated the occurrence of a crystallization
event at 40—45% RH. Sample crystallinity was determined
at 76% w/w solid, indicating that under these conditions,
most of the sucrose in the formulation has crystallized. As
illustrated in Table 3, the formulation Tgs further de-
creased, as would be expected by the increased amounts
of sorbed water.

Even after exposure to 75% RH, no state transition
became apparent for the 1:1 formulation (Figure 6a),
indicating that when the protein concentration in the solid
matrix exceeds this mass ratio, the crystallization of
sucrose can be completely inhibited. These findings are in
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Figure 7—X-ray diffractograms of spray-dried trypsinogen formulations after
equilibrium exposure to 74% RH for 10 days. Formulations illustrated are at
sucrose-to-protein mass ratios of (a) 1:1, (b) 2:1, (c) 4:1, and (d) 8:1.

Table 4—Crystallinity of Spray-Dried Trypsinogen—Sucrose
Formulations before and after Exposure to Controlled Relative
Humidity Environments?

% crystallinity

sucrose:trypsinogen
mass ratio noexposure  12%  43%  75% = 84%
11 02 NDP NDP 02 02
2:1 02 02 02 51 02
41 02 02 02 71 44
8:1 02 02 76 85 71

aNo crystalline peaks were detected. Samples are characterized as 100%
amorphous. ® Sample crystallinity was not determined.

agreement with literature studies which concluded that
sucrose crystallization is entirely inhibited when the
protein concentration in the spray-dried rConlFN and rhG-
SCF formulations exceeded 50%.37 In contrast, the sucrose
in the 2:1 and 4:1 formulations underwent crystallization
upon exposure to 75% RH, as indicated by the diffraction
patterns shown in Figures 6b-c. These were identical to
those observed for the 8:1 formulation at 43% RH. Again,
these results conform well with those obtained from the
dynamic sorption studies, which showed sucrose crystal-
lization phenomena at 55 and 75% RH, respectively.
However, the extent of crystallization varied, as indicated
by the quantitative crystallinity estimates of 51%, 67%, and
82% for the 2:1, 4:1, and 8:1 formulations, respectively.
These findings suggest that the amount of crystallizable
sucrose increases with increasing concentration of the
excipient in the solid matrix. No glass transitions were
detected for the formulations exposed to 75% RH. This is
probably due to the crystallization of most of the sucrose
in the formulations, which renders the amount of the
remaining amorphous material insufficient for detection
of its T4 via DSC.

Finally, upon exposure of the formulations to 84% RH,
the crystallinity patterns were partially disrupted, as
indicated by the decreased intensity of the diffractogram
peaks. As a consequence, the determined crystallinity
percentages dropped to 44% and 71% for the 4:1 and 8:1
formulations, respectively, while the crystalline patterns
completely disappeared for the 2:1 sample. These findings
are in good agreement with the previous studies which
demonstrated decreased crystallinity levels of sucrose on
exposure to 84% RH, due to the crystal dissolution and the
formation of saturated solutions at this vapor pressure.3°
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Discussion

It is well documented that pharmaceutical solids tend
to adsorb significant amounts of water over a wide range
of relative humidities. The presence of water can accelerate
degradation phenomena in the solid state, such as deami-
dation, oxidation, disulfide cross-linking, and Maillard
reactions.*! In particular for proteins, water can affect a
complex matrix of protein motions, ranging from oscillatory
and rotational movement of individual amino acid groups,
to segmental motions and internal fluctuations that in-
crease their dynamic mobility and thereby decrease their
conformational stability.*142 Moreover, the sorbed water
may have a tremendous impact on both the physical
properties of the processed material. In terms of the latter,
water sorption plasticizes the solid matrix, reduces its Ty,43
and may induce excipient crystallization and alter its
morphology, physicochemical properties, and physical char-
acteristics,* phenomena that can all deteriorate product
stability or even diminish proper delivery.

In agreement with previous studies,?”4> the X-ray dif-
fraction results suggest that spray drying of trypsinogen,
even in the presence of increasing amounts of sucrose,
results in the formation of amorphous microparticles. In
this state, proteins are devoid of long-range intermolecular
interactions or orientation, although they maintain their
specific short-range interactions.** Upon exposure to dif-
ferent relative humidity levels, the protein-based powders
take up large amounts of water, illustrative of their
amorphous nature. Water sorption confers increased mo-
bility, which may be regarded as an increase in the
dynamic fluctuations of the protein, as demonstrated for
trypsin, a protein that has a significant degree of homology
with trypsinogen.4®

Similarly with amorphous polymers, water sorption in
all spray-dried trypsinogen—sucrose formulations occurs
via penetration into the disordered solid and is not limited
to surface adsorption.*! This was demonstrated by the large
excess of moisture taken up by the solid at high vapor
pressures and the lack of dependence of the water uptake
on the specific surface area of the samples.*? The absorption
process is further elucidated by comparison of the surface
areas obtained from the nitrogen adsorption studies with
those calculated from fits of the BET equation to the
moisture sorption isotherms; although the former are
highly dependent on particle size and physical state of the
solid, the latter are unaffected by these properties. The very
large H,O/N, surface area ratios obtained for all spray-
dried formulations are consistent with the water penetra-
tion hypothesis.

This explanation is also consistent with the sorption
hysteresis, observed for formulations at the low sucrose
concentration regime. Hysteresis has been described for
many amorphous systems.?” Although it was first sug-
gested to originate from capillary condensation, it was later
thought to be caused by chemisorption in rigid materials,
and by water—polymer interactions in nonrigid solids (such
as proteins).?” Specifically for proteins, hysteresis phenom-
ena have also been attributed to conformational rearrange-
ments that involve a structural relaxation or even a phase
change, which can be facilitated by increasing free volume
and mobility of the protein during sorption.**47 It has been
previously hypothesized that it provides an indication of
the existence of the protein in a Kinetically metastable,
dynamically constrained state, which arises from the
macroscopic swelling due to the penetration of water in the
solid matrix.25414447 The extent of the hysteresis loop in
our experiments, decreased with increasing sucrose con-
centration, indicating the decreased plasticization of the
amorphous solid by water. Alternatively, the protein con-



formational changes should be less dramatic in the pres-
ence of sucrose; this is confirmed by our previous studies,
which indicated that trypsinogen gradually maintains a
more nativelike conformation in the presence of increasing
amounts of sucrose.! Finally, since hysteresis is related to
the glass transition of the solid at the specified RH,** it is
possible that its decreased magnitude may also relate to
variations of AT = T — T4(RH) during the sorption process
for the different trypsinogen—sucrose formulations. The
disappearance of the hysteresis loop at a sucrose-to-protein
mass ratio of 1:1, formulation at which the protein fully
recovers its native structure and activity,! further under-
scores the utility of this parameter in correlating solid
behavior with protein conformation and structural dynam-
ics.

The hygroscopic nature of both trypsinogen and sucrose
would forecast a cumulative water sorption capacity of their
physical mixtures. However, comparison of the actual
amounts of sorbed water at low (<35%) relative humidities
indicated a concentration-dependent effect of sucrose. At
low mass ratios of the disaccharide, the sorptive capacity
of the powders actually decreased, in good agreement with
literature studies.?648 This observation indicates that ad-
dition of sucrose contributes to the blockage of potential
sorption sites in the binary solid matrix, providing evidence
of specific hydrogen bonding interactions between the two
components. This analysis further supports the expressed
“water replacement” hypothesis.®#12 The interaction is also
confirmed by the decreased heat of sorption with increasing
sucrose concentration. Moreover, the facility of the replace-
ment of protein—sucrose interactions by water, as repre-
sented by the amount of sorbed water at low vapor
pressures (<35%) can provide an estimate of the extent
(and perhaps the strength) of their interactions. The latter
is illustrated in the three-dimensional mesh plot of Figure
7 as a function of the sucrose concentration and vapor
pressure. It becomes apparent that the extent of interaction
increases with increasing sucrose concentration and be-
comes maximal at equal mass ratios; thereafter in de-
creases, as the sorptive capacity of the formulation in-
creases, potentially implying the preferential replacement
of the stabilizing protein—sugar contacts.

The existence of specific protein—sucrose interactions
was further confirmed by examination of the estimated
BET monolayer of water. The importance of this parameter
stems from its correlation with the onset of internal protein
flexibility.#%50 Moreover, the water content at the mono-
layer has been directly linked to the free energy changes
induced by water sorption and its concomitant changes in
the protein structure,*® while it can provide information
on the relative affinity of the water for the substrate. The
decreased value of W,,, upon sucrose addition, confirmed
the specific protein—sucrose hydrogen bonding interactions.
Similar to our previous observations, W, became minimal
at a sucrose-to-protein mass ratio of 1:1, while it increases
at higher sucrose contents, reaching its value for the pure
protein at the highest sucrose content.

This explanation is in agreement with our enzymatic
activity results,! which indicated the sucrose-induced
stabilization of trypsinogen up to a mass ratio of 1:1, with
subsequent reduction of its protective effects at excess
concentrations of the carbohydrate. Moreover, the profile
of monolayer values closely follows that of the activity
losses of the protein during spray drying, potentially
indicating that sucrose—protein interactions in the solid
matrix are responsible for both stabilizing and destabilizing
effects of the disaccharide. Assuming that the relative
values of Wy,, are proportional to the number of component—
water interactions, a relative estimate of the sucrose-
occupied sites on the protein surface could be obtained by
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Figure 8—3-D mesh plot of the effect of sucrose and %RH of exposure on
the moisture uptake by the spray-dried trypsinogen—sucrose powders.

subtracting the number of water-accessible hydrogen bond-
ing sites of the protein/sucrose mixture (Wy,pProtein/sucrose) from
the total number of water-accessible hydrogen bonding
sites on the protein in the absence of sucrose (Wp,Protein),
AWy, = WpProtein — \\/protein/sucrose ' Erom the values of AW,
which are given in Table 2, it follows that at conditions of
excess sucrose, the hydrogen bonds between the two
components actually decrease and finally reach depletion.
This interpretation would support the finding of reduced
stability of trypsinogen at the high sugar concentration
regime.! Indeed, as illustrated in Figure 8, a good correla-
tion (R? = 0.85) exists between AW,, and the residual
activity of trypsinogen after spray drying, confirming this
hypothesis and implying the replacement of the stabilizing
protein—sugar interactions.

Sucrose Crystallizationand Inhibition Phenomena—
Our moisture sorption experiments indicated that pure,
amorphous sucrose can undergo an amorphous-to-crystal-
line state change at a moisture level of 5.8% w/w. Sucrose
crystallization was initiated presumably by sorption of
sufficient moisture that reduced its T4 below the operating
temperature of 37 °C; in the spray-dried particles crystal-
lization is thought to start at the particle surface and
rapidly propagate in the interior.5! The crystals persisted
until approximately 85% RH, which is close to the satura-
tion water activity (a,, = 0.86) of sucrose.?” It is interesting
to consider the structure of sucrose in the crystals. In
sufficiently diluted solutions, all eight available hydroxyl
groups of sucrose form bonds with water molecules.52-54
However, in concentrated solutions, the high flexibility of
the bond joining the two glucose and fructose units
promotes the formation of two intramolecular and several
intermolecular hydrogen bonds.>® At this concentration
regime, aggregation phenomena occur between sucrose
molecules, which now exist in clusters, and under the
appropriate conditions will create the stable three-dimen-
sional nucleus.

Although crystallization events were absent at sucrose-
to-protein mass ratios lower than 1:1, they became appar-
ent at higher mass ratios of the disaccharide, after exposure
to intermediate or high relative humidities. The critical RH
of crystallization of these formulations were higher than
that observed for the pure compound, denoting the inhibi-
tive role of the protein: increasing concentrations of the
protein more effectively inhibit the state transition of the
disaccharide, as also indicated by the increasing Tcrys: With
increasing trypsinogen content. From a different perspec-
tive, and as illustrated in Figure 3, increasing sucrose
concentrations facilitate crystallization, approaching that
of the pure compound. Despite the small differences in the
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actual critical RH levels, similar results on the inhibitive
role of protein in the growth of sucrose crystals were
previously described for the rbST—sucrose lyophilized
system.38 It is well documented that impurities decrease
the overall growth rate of crystals and change their
morphology, as they can block the crystal faces, or even
modify the solution characteristics and affect the super-
saturation level of sucrose.>253 The inhibition of sucrose
crystal growth in the presence of high amounts of trypsi-
nogen could reflect the absence of nuclei or even their
poisoning by the protein. At low relative protein concentra-
tions, there is less protein available for growth inhibition,
while the capacity of the protein phase to compete for water
sorption is reduced. In this case, and when adequate water
is sorbed to increase the mobility of the sucrose molecules,
nuclei can form and grow in the absence of inhibiting
interactions. Once nucleation takes place, crystallization
occurs rapidly.%®

For crystallization to proceed, the presence of significant
sucrose—sucrose contacts in the solid matrix is imperative.
It is therefore conceivable that these are responsible for
replacing the stabilizing protein—sugar interactions and
could account for the altered interactions of the solid with
water. We further assessed the validity of this hypothesis
to investigated the nature of this phenomenon.

Phase Separation Phenomena and Origin Hypothe-
sis—Quantitative estimates of the maximum amount of
crystallizable sucrose in the formulations can be obtained
by the X-ray estimates at conditions of maximal crystal
content, 75% RH. Even under these conditions, the X-ray-
estimated fractions of crystalline material (within the
5—10% error of the method) cannot fully account for the
total amount of sucrose in the formulations, indicating the
simultaneous presence of amorphous sugar. Since sucrose
crystallization would be inhibited by the presence of
protein, it can be assumed that the crystallizable sugar
matrix is devoid of protein. This provides evidence for the
separation of the dried solid into two distinct phases: a
protein-rich and a sugar-rich phase. In the former, amor-
phous phase, sucrose molecules are in contact with protein,
which inhibits their crystallization. In contrast, the second,
crystallizable phase, is devoid of protein, so when the
system acquires sufficient mobility upon moisture sorption,
crystallization is induced. This implies that in the spray-
dried material, the phase-separated, crystallizable sucrose
does not contribute to the stabilization of the protein, due
to its exclusion from it. Assuming that the determined
crystallinity fractions provide, within error, a representa-
tion of the mass fraction of the crystallized sucrose, we
could then obtain via a mass balance an estimate of the
actual amounts of amorphous sucrose in the formulations;
the analysis is illustrated in Table 5. Using this approach,
the amount of protein-interacting, amorphous sucrose was
calculated at 15.7, 13.0, and 6.9% w/w for formulations 2:1,
4:1, and 8:1. The analysis indicates that as the mass
fraction of sucrose in the formulation increases, there is
less available carbohydrate to interact with the protein.
The actual amounts of active, protein-interacting sucrose
are smaller than expected, based on the formulated mass
ratios, as indicated in Table 5. In fact, the effective mass
ratios are below the maximally stabilizing mass ratio of
1:1, indicating the inadequate protection of the protein, in
agreement with the decreased stability of trypsinogen at
these sucrose mass ratios.! Moreover, despite the small
variability of the observed effects, the phenomenon of
partial dissipation of the protective effects of disaccharides
has been observed with other proteins,’31 indicating a
global phenomenon rather than an isolated, protein-specific
event.

The onset of the phase separation and crystallization
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Table 5—Nominal and Effective Sucrose Concentrations in the
Spray-Dried Trypsinogen—Sucrose Powders

[sucrose: [sucrose:
TGN]nominal sucrose®  free sucrose®  bound sucrose®  TGNJefrecive®
mass ratio (% masSpw) (% MasSita) (% masSta) mass ratio
no sucrose 0 0 0 no sucrose
0.25:1 20.0 0 20.0 0.25:1
051 333 0 333 051
1:1 50.0 0 50.0 1:1
21 66.7 51.0 15.7 047:1
41 80.0 71.0 9.0 0.45:1
81 88.9 85.0 39 0.35:1

@ Nominal sucrose concentration (% w/w) on a percent total solids basis
(fsueroses). P Crystallizable sucrose, percent total solids basis. The value
represents X-ray diffraction percent crystallinity estimates, under the assumption
that sucrose is the only crystallizable formulation component (fscrose, =
XR0cstaline). © Noncrystallizable sucrose, percent total solids basis. The value
is extracted from a mass balance from the crystallizable sucrose X-ray
diffraction estimates (fsuseyy,g = (fsucroseg, — fsucroser ) d The “effective”
sucrose-to-protein mass ratio is calculated from the mass ratio of noncrys-
tallizable (protein-bound) sucrose to total protein (fSUoseygng/fProein ).

phenomena, with respect to the sucrose content, in the solid
formulations coincides with that of the excluded volume
effects of the sugar in the solutions before spray drying.t
Excluded volume phenomena arise from the preferential
separation of the carbohydrate from the protein surface;
they represent by default phase-separation events at the
molecular level. We hypothesize that this distribution of
phase-separated formulation components in solution before
spray drying is not significantly disturbed during the
atomization step, resulting in the formation of protein-rich
and sugar-rich phases in the formed particles. The low
moisture contents achieved during spray drying prohibited
sucrose crystallization in the formulations; however, when
the viscosity of the solid matrix decreased upon water
sorption, crystal formation was promoted. Further, as
discussed above, the protein-excluded sucrose molecules in
the solution phase may exist as aggregates, promoting
nuclei formation. The presence of aggregate clusters is
favored at high concentrations of the disaccharide, as
reflected in the reduced hydration number of sucrose: it
decreases from 10 to 12 (mol of water/mol of sugar) at
sucrose concentrations < 2% w/w, to 5 (mol of water/mol
of sugar) at concentrations between 10 and 50% w/w.5*
While the formulated solutions at low sucrose concentra-
tions (mass ratios < 1:1) reside in the former, those
prepared at high sucrose concentrations (mass ratios > 1:1)
lie in the latter regime, indicating the possible presence of
phase-separated, aggregated sucrose in the pre-spray dry-
ing solutions.

The proposed mechanisms are in agreement with previ-
ous studies on the destabilization of 3-galactosidase during
lyophilization in the presence of an excess amount of
mannitol and inositol;3¢:57 however, our results indicate that
it is not crystallization per se, but the preceding phase
separation event that is responsible for the destabilizing
phenomena. It is important to note, however, that the
initial protein concentration during spray drying may play
an important role, as it may dramatically influence both
the starting solution equilibria and the interactions with
the excipient in the solid state. More work is required in
this direction to understand the concentration dependence
of the protein—excipient interactions in the solid state.

Our results suggest that utilization of high concentra-
tions of excipients during preparation of solid state protein
formulations may not always be desirable, as even ordi-
narily stabilizing excipients (such as the commonly utilized
disaccharides) may not guarantee the expected stabiliza-
tion. This becomes particularly important when excipients



that exert excluded volume effects are utilized. Formulation
components that exhibit increased capacity for exclusion
from the protein surface will have a high tendency to phase
separate and will preferentially interact with themselves
rather than the protein. Moreover, they may undergo
undesirable phase transformations that may decrease
product stability. This becomes of particular significance
during the administration of pharmaceutical products with
sustained release delivery systems, such as polymeric
injectable depots or implantable micropumps, because of
the exposure of the formulation to increased water levels
at the physiologic temperature of 37 °C.
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