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Abstract. Near-infrared (NIR) spectroscopic analysis of noncrystalline polyols and saccharides (e.g.,
glycerol, sorbitol, maltitol, glucose, sucrose, maltose) was performed at different temperatures (30-80°C)
to elucidate the effect of glass transition on molecular interaction. Transmission NIR spectra (4,000
12,000 cm™ ') of the liquids and cooled-melt amorphous solids showed broad absorption bands that
indicate random configuration of molecules. Heating of the samples decreased an intermolecular
hydrogen-bonding OH vibration band intensity (6,200-6,500 cm ') with a concomitant increase in a free
and intramolecular hydrogen-bonding OH group band (6,600-7,100 cm'). Large reduction of the
intermolecular hydrogen-bonding band intensity at temperatures above the glass transition (7,) of the
individual solids should explain the higher molecular mobility and lower viscosity in the rubber state.
Mixing of the polyols with a high 7, saccharide (maltose) or an inorganic salt (sodium tetraborate)
shifted both the glass transition and the inflection point of the hydrogen-bonding band intensity to higher
temperatures. The implications of these results for pharmaceutical formulation design and process

monitoring (PAT) are discussed.
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INTRODUCTION

The development of amorphous solid pharmaceutical
formulations requires thorough characterization of physical
properties (1-4). Optimizing the molecular mobility and the
system viscosity, which both change significantly at glass
transition temperature (7), is essential to ensure their unique
functional characters (e.g., faster dissolution of active ingre-
dients, stabilization of lyophilized protein conformation) and
storage stability of these solids. Understanding how the
molecular interactions, particularly hydrogen-bonding, in
amorphous carbohydrate solids affect their physical properties
is relevant to the formulation design and process control (5).

Near-infrared (NIR) spectroscopy is an advancing ana-
Iytical method that provides varied information on the
chemical and physical properties of pharmaceutical formula-
tions including molecular structure, crystallinity (6-8), crystal
polymorphs (9,10), residual water content (11), component
miscibility (12), protein secondary structure (13), and molec-
ular interactions (14-17). Relatively low absorbance that
enables diffuse-reflection measurement and recent advances
in chemometrics (e.g., principal component analysis [PCA],
partial least-squares calibration [PLS]) make the NIR spec-
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troscopy a powerful nondestructive process analytical tool for
quality control (PAT) (18). The applicability of vacuum-
sealed samples in glass vials should be an apparent advantage
of NIR in the analysis of physically unstable amorphous
solids. Proper use of NIR spectroscopy, combined with other
sophisticated in-, on-, and at-line analytical tools (e.g., mid-
infrared, far-infrared, terahertz, and Raman spectroscopy;
thermal analysis), should improve the product and process
understanding required for better formulation quality (16,19,20).

The purpose of this study was to characterize hydrogen-
bonding profiles in rubber- and glass-state amorphous solids
by NIR spectroscopy. The random configuration of molecules
and the accompanying wide variation of molecular interac-
tions in amorphous polyol and saccharide solids provide
broad absorption bands in the NIR spectra (6,7). Some of the
broad bands (e.g., OH stretching vibration) indicate different
hydrogen-bonding states (e.g., intermolecular, intramolecular,
free) in the solids (21,22). The profiles of the hydrogen-
bonding in water and some alcohol liquids depend largely on
temperature (23-25). Recent mid-infrared studies on the
amorphous saccharide films indicate different temperature-
dependent shifts of OH stretching (3,300-3,400 cm ') and
bending (1,000-1,100 cm ") vibration band peaks between their
glass (below T,) and rubber (above T,) states (26,27). It is
plausible that NIR spectroscopy provides valuable information
on the molecular interactions and physical properties of various
noncrystalline samples (e.g., liquid, rubber-state solid, glass-
state solid).
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MATERIALS AND METHODS
Materials

All chemicals employed in this study were of analytical
grades and were obtained from the following commercial
sources: glycerol and sorbitol (Wako Pure Chemical, Osaka,
Japan); maltose monohydrate, sucrose, and sodium tetrabo-
rate (Sigma Chemical, St. Louis, MO, USA); deuterium water
(Acros Organics, Geel, Belgium); maltitol and maltotriitol
(Hayashibara Biochemical Laboratories, Okayama, Japan).

Preparation of Freeze-Dried Amorphous Solids

Freeze-dried solids were prepared by lyophilizing aque-
ous polyol and saccharides solutions (100 mg/mL, 2 mL) in
flat-bottom borosilicate glass vials (21 mm diameter; SVF-10,
Nichiden-rika Glass, Kobe, Japan) using a Freezevac-1C
freeze-drier (Tozai Tsusho, Tokyo, Japan). The sample
solutions frozen by immersion in liquid nitrogen were dried
under vacuum without temperature control for 16 h and then
maintained on the shelf at 35°C for 8 h. Hydrogen/deuterium-
exchanged glycerol, sorbitol, and glucose were obtained by
freeze-drying the solutions in D,O twice (200 mg/mL).

Preparation of Cooled-Melt Amorphous Solids

The cooled-melt solids subjected to thermal and NIR
analysis were obtained by melting the crystalline powder in a
quartz cuvette (1-mm light path length; Starna Optiglass,
Hainault, UK) or small borosilicate glass tubes (approximate-
ly 4 mm internal diameter; TGK, Tokyo, Japan) in a drying
oven (DP23, Yamato Scientific, Tokyo, Japan) at 200°C
(sucrose) or 180°C (other saccharides) under vacuum for
20 min, then cooled at room temperature. Amorphous
maltose solids were prepared from the monohydrate crystal
with (dehydrated) or without (partially hydrated) vacuum-
drying. The cooled-melt solids without apparent crack or
bubbles were subjected to the following transmission NIR
analysis.

Thermal Analysis

A differential scanning calorimeter (DSC Q-10, TA
Instruments, New Castle, DE, USA) and software (Universal
Analysis 2000, TA Instruments) were used to obtain the ther-
mal properties of the amorphous solids. Solids (2-5 mg) in
hermetic aluminum cells were scanned from —30°C at 5°C/min
under N, gas flow. Glass transition temperatures were
determined from the maximum inflection point of the dis-
continuities in the heat flow curves.

NIR Spectroscopy

NIR analysis was performed using a FT-NIR system
(MPA, Bruker Optik, Germany) equipped with a sample
temperature controller and OPUS software. Transmission
NIR spectra of liquids and cooled-melt amorphous solids
were obtained from 30°C to 80°C at every 5°C with 5-min
intervals between the measurements. Absorbance in the
12,000 to 4,000 cm! range was obtained with a 2-cm” !
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resolution in 128 scans. The absorbance of air was subtracted
as background. The NIR spectra were baseline-corrected in
the 8,000-9,000 cm™' range and smoothed at 25 points. The
possible effect of a temperature-induced solid volume change
was not compensated in this study. Diffuse-reflection NIR
spectra of crystal powders and freeze-dried solids in
cylindrical borosilicate glass vials were obtained from the
bottom of the container at room temperature.

RESULTS

Figure 1 shows the diffuse-reflection NIR spectra of
mannitol, maltose monohydrate, sucrose, glucose, and sorbi-
tol in different physical states (crystalline powder, freeze-
dried solid) obtained noninvasively from the bottoms of the
glass vials. The crystalline powders showed several unique
sharp bands of OH and CH vibrations in the overtone (5,000—
7,500 em ') and combination (4,000-5,000 cm ') spectral
regions. The absorbance of water in the maltose monohydrate
crystal (around 5,150 cm™') disappeared by lyophilization.
Freeze-dried amorphous sucrose and maltose solids showed
broad absorption bands that indicate diversified interactions
between the spatially less-ordered molecules. Contrarily, some
sharp peaks (e.g., 4,375 cm ') indicated partial crystallinity of
the freeze-dried mannitol (4,28). Thermal analysis of the freeze-
dried solids also indicated different component crystallinity
(data not shown). Freeze-drying of glucose and sorbitol resulted
in collapsed solids, which spectra varied largely between the
vials (data not shown). Amorphous saccharide solids prepared
by cooling the heat-melt also showed varied diffuse-reflection
NIR spectra.

Transmission NIR analysis of cooled-melt amorphous
solids (e.g., sorbitol, glucose) and a liquid (glycerol) in a
quartz cell (1-mm light path length, 30°C) showed similar
spectra with some broad bands (Fig. 2A). The large bands in
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Fig. 1. Diffuse-reflection NIR spectra of crystalline powder (CP) and
freeze-dried solid (FD) containing sugars and sugar alcohols obtained
at the bottoms of glass vials
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Fig. 2. Transmission NIR spectra of liquid (glycerol) and cooled-melt
solids (sorbitol, glucose) in a quartz cell (1-mm light path length) prepared
with A without and B with hydrogen/deuterium exchange (30°C)

the overtone spectral region represent OH stretching vibra-
tion first overtones of intermolecular hydrogen-bonding groups
(6,200-6,500 cm ') and intramolecular or nonhydrogen-
bonding groups (6,600-7,100 cm ') (21,22,25). The addition of
H,O (2-10%, w/w) to glycerol increased the absorbance at
around 4,110, 5,152, and 6,925 cm ™! in the NIR spectra (data not
shown). Hydrogen/deuterium-exchanged samples showed a
large band that suggested an OD stretching vibration at
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Fig. 3. Effect of heating on the transmission NIR spectra of glycerol
liquid and cooled-melt sorbitol solid (1-mm light path length).
Difference spectra were obtained by subtracting the absorbance of
the samples at 30°C
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Fig. 4. Transmission NIR spectra of cooled-melt amorphous glucose,

sucrose, and maltose (dehydrated) solids in glass tubes (approximate-
ly 4 mm interior diameter) obtained at 30°C, 55°C, and 80°C

around 5,000 cm ! (Fig. 2B) (23). Lower absorbance of the
hydrogen/deuterium-exchanged amorphous solids at 6,000—
7,100 cm ! confirmed the significance of the OH stretching
vibration band in the spectral region. Thermal analysis showed
that the cooled-melt sorbitol (7,=—1.2°C) and glucose (7,=
45.8°C) are in the rubber and glass states, respectively, at 30°C.

The effect of heating on the transmission NIR spectra of
the noncrystalline sorbitol and glycerol are shown as the
difference spectra (Fig. 3). The changes indicated the shift of
the major bands at 6,000-7,000 cm ' (OH stretching vibration
first overtone) and at around 4,750 cm ' (OH stretching/
bending combination) in the original spectra to higher wave
numbers at the elevated temperatures (40°C, 60°C, and 80°C).
The apparent decrease in the absorbance at 6,000-6,500 cm !
and the concomitant absorbance increase at 6,700-7,100 cm ™!
suggested heat-induced changes in the hydrogen-bonding pro-
files of the OH groups from intermolecular to intramolecular or
free bonds.

Transmission NIR spectra (overtone region) of cooled-
melt glucose, sucrose, and maltose (dehydrated) obtained at
different temperatures (30°C, 55°C, and 80°C) suggested
varied heat-induced changes in the hydrogen-bonding band
intensity (Fig. 4). The larger spectral change observed in the
lower glass transition temperature solids (glucose=45.8°C)
suggested the contribution of the different hydrogen-bonding
profiles to the physical properties. The solids were prepared
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in small glass tubes (approximately 4 mm internal diameter)
to prevent crack formation in the cooling process. The
browning of sucrose during the preparation indicated its
partial degradation at high temperatures. A small absorption
band at 5,150 cm ! suggested residual water in the amorphous
saccharide solids. Relatively large absorbance at the 6,200- to
6,500-cm” ! region in the amorphous glucose solid suggested a
larger contribution of the intermolecular hydrogen-bonding
compared to those in other saccharides. Different dehydration
process and accompanying changes in the molecular
interactions should explain the partially different spectra of
the cooled-melt glucose solid prepared in the quartz optical cell
(Fig. 2) and the glass tube (Fig. 4).

The relationship between the hydrogen-bonding profiles
and the physical states of the amorphous solids were further
studied. Thermal analysis showed varied glass transition
temperatures of the cooled-melt amorphous polyol and
saccharide solids (Table I). The changes in the absorbance
of the intermolecular hydrogen-bonding OH band peak
(6,200-6,500 cm ') obtained every 5°C were plotted in Fig. 5.
The spectral region was chosen for comparison because of the
smaller overlapping absorbance of residual water compared to
that in the intramolecular hydrogen-bonding band region
(6,600-7,100 cm ™) (11). The noncrystalline samples showed
three types of intermolecular hydrogen-bonding band intensity
changes depending on their glass transition temperatures. A
rubber-state solid (sorbitol, 7,=—1.2°C) and glycerol liquid
showed relatively large (<0.04 U/5°C) band intensity drops
from the lowest measurement temperature. Contrarily,
amorphous dehydrated maltose that remained in the glass
state throughout the measurement temperature range (80°C<
T,) showed a much smaller band intensity change. Other solids
(e.g., glucose, sucrose, maltotriitol; 30°C<7,<80°C) showed
larger declines of the band intensity above their glass transition
temperatures. Plotting of the band intensity against the
temperature showed apparent inflection at the glass
transition. Plateau of the plot above the T, should indicate
large and constant temperature-dependent reduction of the
molecular interactions similar to that of molecular liquids.

Table 1. Glass Transition Temperature of Cooled-Melt Amorphous

Solids

Glass transition temperatures

Maltose 99.4+1.2
Maltotriitol 79.5+0.8
Maltose (w/o vacuum-drying) 62.6+1.7
Sucrose 57.9+3.2
Maltitol 49.3+0.5
Glucose 45.8+2.2
Glycerol (liquid) n.d.
Sorbitol -1.2+0.9
Maltose+sorbitol 5:1% 66.5+1.9
Maltose+sorbitol 3:1* 48.6+0.5
Maltose+sorbitol 2:1% 31.0+0.3
Maltitol+Na,B,0 40:1° 59.0+2.1
Maltitol+Na,B,0; 25:1° 69.2+1.7

Data are presented as mean+SD (n=3)
“Weight ratio
b Molar ratio
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squares) and 25:1 (filled triangles) obtained at 5°C intervals (n=2)
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Some solids containing multiple components also showed
larger heat-induced reduction of the intermolecular hydro-
gen-bonding band in the rubber state. The mixing of
components (e.g., maltose and sorbitol) or higher residual
water (e.g., cooled-melt maltose monohydrate prepared
without vacuum-drying) shifts the glass transition tempera-
ture of the amorphous solids (Table I). These solids showed
larger heat-induced intermolecular hydrogen-bonding band
intensity reductions at above their glass transition temper-
atures (Fig. 5). Some inorganic salts (e.g., sodium phosphates,
sodium citrates) affect the glass transition temperature of
amorphous polyol and saccharide solids (29,30). The addition
of a small amount of sodium tetraborate (Na,B40-) signifi-
cantly raised the 7}, of cooled-melt maltitol solids (Table I), as
well as the inflection temperature of the intermolecular
hydrogen-bonding band intensity (Fig. 6) (31,32).

DISCUSSION

The NIR study showed varied hydrogen-bonding states
of OH groups in the noncrystalline polyol and saccharide
solids that depended both on their temperatures and their
physical states (glass and rubber). The heating-induced
reduction of the intermolecular hydrogen bond was consistent
with the literature on the NIR analysis of water, alcohol, and
polyol liquids (25,33). The limited absorbance of hydrogen/
deuterium-exchanged polyols (glucose, sorbitol) at above
6,000 cm ™! indicated the contribution of readily exchangeable
OH groups to the temperature-dependent band intensity
change. The appropriate sample temperature control and the
constant light path length made the transmission NIR mea-
surement suitable to study the relationship between the physical
states and the molecular interactions. The general trends obse-
rved in the transmission mode should be basically applicable to
other data detection modes (e.g., diffuse-reflection).

The glass transition of the amorphous solids did not
directly affect the NIR spectra, but it altered the extent of the
heat-induced hydrogen-bonding band intensity change. The
result was in agreement with the different temperature-
dependent changes in the mid-infrared OH stretching and
bending band peak positions of saccharide films in the glass
and rubber states (26,27). Loosening of the intermolecular
hydrogen-bonding network should induce the higher molec-
ular mobility and lower viscosity of the rubber-state amor-
phous solids. The rubber-state amorphous solids are, from
another physical perspective, deeply supercooled liquids with
extremely high viscosity. The similarity in physical states
would explain the large constant heat-induced reduction of
the intermolecular band intensity in the polyol liquids (e.g.,
glycerol) and the rubber-state solids. The smaller heat-
induced spectral changes below the 7, would increase the
mobility of molecules, leading to slow but not negligible
temperature-dependent chemical degradation and/or ingredi-
ent crystallization in the long-term storage of the glass-state
amorphous solids (34). Further assignment of the bands in the
NIR spectra and mathematical data processing should
increase the relevance of the analysis.

Information on the molecular interactions (e.g., hydro-
gen-bonding) that determine the physical properties should
be relevant for the rational design of amorphous formula-
tions. NIR spectroscopy should be used to characterize the
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molecular interactions in certain multicomponent amorphous
systems containing the active pharmaceutical ingredients,
excipients (e.g., stabilizer, pH modifier), and residual water.
The availability of several detection modes that involve
samples in glass containers without exposure to unfavorable
environments (e.g., humid atmosphere) is a major advantage
of NIR spectroscopy over other analytical methods for the
characterization of the amorphous freeze-dried formulations
(15). The proper choice of excipients that form and/or induce
intermolecular hydrogen-bonding (e.g., disaccharides, sodium
phosphate) should provide the storage stability and functional
properties required for the amorphous formulations.

NIR spectroscopy is a powerful analytical tool for
process monitoring and raw material inspection (18,20).
Ensuring chemical and physical properties during the process
is important to obtain reliable pharmaceutical formulations.
Clinical functions and storage stabilities of the amorphous
solid formulations depends not only on their glass transition
temperatures (7,) but also on other physical characters (e.g.,
residual crystallinity, structural relaxation) that are affected
by process parameters (e.g., thermal history) (3). Several
mathematical data processing methods, including PLS and
PCA, have been used to obtain information on the chemical
and physical properties of solids (e.g., crystallinity, collapse,
residual water, chemical degradation) from the NIR spectra.
The preparation of amorphous solids often includes low (e.g.,
freeze-drying) or high (e.g., melting, extrusion) temperature
processes. Understanding the effect of temperature and
physical states on the NIR spectra, as well as appropriate
data compensation, should increase the relevance of the
sophisticated analytical methods.
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