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Purpose. (1) To develop a synchrotron X-ray diffraction (SXRD) method to monitor phase transitions
during the entire freeze–drying cycle. Aqueous sodium phosphate buffered glycine solutions with initial
glycine to buffer molar ratios of 1:3 (17:50 mM), 1:1 (50 mM) and 3:1 were utilized as model systems. (2)
To investigate the effect of initial solute concentration on the crystallization of glycine and phosphate
buffer salt during lyophilization.
Methods. Phosphate buffered glycine solutions were placed in a custom-designed sample cell for freeze–
drying. The sample cell, covered with a stainless steel dome with a beryllium window, was placed on a
stage capable of controlled cooling and vacuum drying. The samples were cooled to −50°C and annealed
at −20°C. They underwent primary drying at −25°C under vacuum until ice sublimation was complete
and secondary drying from 0 to 25°C. At different stages of the freeze–drying cycle, the samples were
periodically exposed to synchrotron X-ray radiation. An image plate detector was used to obtain time-
resolved two-dimensional SXRD patterns. The ice, β-glycine and DHPD phases were identified based on
their unique X-ray peaks.
Results. When the solutions were cooled and annealed, ice formation was followed by crystallization of
disodium hydrogen phosphate dodecahydrate (DHPD). In the primary drying stage, a significant increase
in DHPD crystallization followed by incomplete dehydration to amorphous disodium hydrogen
phosphate was evident. Complete dehydration of DHPD occurred during secondary drying. Glycine
crystallization was inhibited throughout freeze–drying when the initial buffer concentration (1:3 glycine
to buffer) was higher than that of glycine.
Conclusion. A high-intensity X-ray diffraction method was developed to monitor the phase transitions
during the entire freeze–drying cycle. The high sensitivity of SXRD allowed us to monitor all the
crystalline phases simultaneously. While DHPD crystallizes in frozen solution, it dehydrates incompletely
during primary drying and completely during secondary drying. The impact of initial solute concentration
on the phase composition during the entire freeze–drying cycle was quantified.

KEY WORDS: disodium hydrogen phosphate dodecahydrate; glycine; in situ freeze–drying; phase
transitions; phosphate buffer; synchrotron X-ray diffraction.

INTRODUCTION

Lyophilization (freeze–drying) is widely utilized for
manufacturing pharmaceutical proteins, diagnostic agents
and other thermolabile agents. Freeze–dried formulations
are multi-component systems containing the active pharma-
ceutical ingredient (API) and excipients such as bulking
agents, lyoprotectants and buffers. Lyophilization of aqueous
solutions typically involves freezing, annealing and drying

stages. During these stages, the API as well as the excipient
can undergo phase transformations. The physical form of the
formulation components in the final lyophiles can impact the
product stability (chemical as well as physical) and perfor-
mance (e.g., reconstitution time) (1–4). In protein formula-
tions, a major challenge is to minimize the damage to API
from the stresses (e.g., pH changes, increased solute concen-
tration brought about by ice crystallization, dehydration)
experienced during the freeze–drying. Amorphous sugars
(e.g., sucrose, trehalose) provide lyoprotection during
freeze–drying and subsequent storage. Crystalline bulking
agents (e.g., glycine) enable primary drying at elevated
temperatures and therefore decrease the cycle time and also
result in elegant lyophiles (1,3–8).

When the prelyophilization solution is cooled, crystalli-
zation of ice is often the first event, accompanied by freeze
concentration of solutes (3,8–10). Although solute (e.g.,
buffer salt) crystallization is possible, in many cases, it is
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retained amorphous. Solute as well as ice crystallization from
the freeze-concentrate can often be induced by annealing the
frozen solutions (3,8–13). Pikal-Cleland et al. demonstrated a
decrease in crystallization of disodium hydrogen phosphate
buffer (initial concentration 10 mM) in the presence of
amorphous glycine (initial concentration 50 mM). Interest-
ingly, when the initial glycine concentration was ≥ 100 mM,
the crystallization of buffer salt was facilitated (7). Pyne et al.
demonstrated a complex interplay between the amorphous
and crystalline phases in the ternary system composed of
mannitol, glycine and sodium phosphate (14). The crystalli-
zation of buffer salts (e.g., in the case of sodium phosphate
buffer) from the freeze-concentrate is not desired due to the
potential for significant pH shifts that can affect the stability
of API (7,9,15–19).

The possible phase transformation during primary drying
are: the (a) solute crystallization from freeze-concentrate, (b)
partial or complete dehydration of a hydrate, with the
anhydrous phase being crystalline, partially crystalline or
amorphous, (c) polymorphic transitions of solute (1–3,5,8,
11–13,20). Chatterjee et al. demonstrated the dehydration of
raffinose pentahydrate to amorphous anhydrate during pri-
mary drying (5). The phase separated raffinose, although
amorphous in the final lyophile, significantly influenced the
protein activity. Secondary drying is the last stage where the
unfrozen water is removed by desorption. No major phase
transitions are expected at this stage. The goal is to achieve
the target residual moisture content of the lyophile, generally
> 1% w/w (1,3,8).

In this context, to develop a robust freeze–drying cycle, it
is important to: (a) identify the major phase transitions of
formulation components during the entire freeze–drying cycle
and (b) quantify solid-state transitions at different stages of
freeze–drying. Therefore, an approach based on character-
ization of final lyophile alone could be misleading. Although,
new analytical methods are under development, it remains
difficult to identify and quantify phase changes in complex
multi-component systems that are relevant to pharmaceutical
formulations.

In the case of glycine, the formulation components
including the API can inhibit or enhance the crystallization
of glycine during freezing (21–25). Moreover, the solution pH
before lyophilization, can not only influence the extent of
glycine crystallization, but might influence the salt and
polymorphic forms of glycine. The isoelectric pH of glycine
(+H3NCH2COO−) is 5.97. The pKa values of 2.35 (carboxylic
acid) and 9.78 (amine), dictate the speciation and solubility of
glycine as a function of pH (21–25). At ambient conditions,
neutral glycine exists in three polymorphic forms, with the
order of their thermodynamic stability being γ>α>β (26–29).
In recent years, considerable attention has been paid to the
process-induced phase transitions of glycine polymorphs (7,9,
20–36). Akers et al. demonstrated the effect of glycine salts,
initial solution pH, and ionic strength on the glycine
crystallization in frozen solutions and lyophiles (21). The
effect of processing conditions (e.g., cooling rate, annealing)
have been studied mostly in neutral glycine solutions. Earlier
studies used thermal analysis and low-temperature X-ray
diffractometry (XRD) to monitor the impact of an additive
(sucrose) and processing conditions on glycine phase
transformations during cooling and annealing (37,38).

Chongprasert et al. utilized low-temperature differential
scanning calorimetry (DSC) and freeze–drying microscopy
to investigate the thermal behavior of glycine (22), while
Pyne and Suryanarayanan used low-temperature (XRD) to
study the phase transitions of glycine in frozen aqueous
solutions and during freeze–drying (35). There has been no
attempt to quantify the crystalline glycine content, during
different stages of the freeze–drying cycle, both in the
presence and absence of buffer. In our previous report, we
have shown the crystallization behavior of glycine in frozen
solutions and final lyophiles over the pH range of 1 to 10 (24).

It is known that the crystallization of the alkaline
component of phosphate buffer as disodium hydrogen
phosphate dodecahydrate (DHPD) causes pH shift in frozen
solutions (9,15–18). Pronounced pH shift, up to 3 units, were
observed when the initial buffer concentrations were ≥50 mM
(15,16). In our previous report, using synchrotron X-ray
diffractometry (SXRD), we have demonstrated the effect of
initial solute concentration (ranging from 1 to 100 mM) on
the selective crystallization of DHPD (19). Gomez et al.
developed an elegant method to monitor pH changes at
temperatures ≥ −20°C by using a low temperature electrode
(15,16). Unfortunately, this approach will not be suitable to
monitor the pH at the temperature of our interest (approx-
imately −50°C), and also during drying. To this end, SXRD
can be utilized for quantification of crystalline phases that are
responsible for causing such pH-shifts (19,24). Alternative
methods are being developed to monitor shift in acidity
induced by freeze–drying. Govindarajan et al. utilized sulfo-
nephthalein dyes and diffuse reflectance visible spectroscopy
to evaluate the acidity of trehalose-citrate lyophiles (39).

We have demonstrated the utility and power of SXRD to
detect crystallization of DHPD from sodium phosphate buffer
solution (1.0 mM; pH 7.4 at 25°C) cooled to −50°C and
annealed at −25°C (19,24). Synchrotron radiation has already
shown promise for in situ monitoring of crystallization and for
quantifying the crystallinity in a substantially amorphous
matrix (40–42). In addition to high sensitivity, very rapid data
collection is possible (<1 s) enabling time-resolved studies
(19,24,40–42). An approach based on SXRD could offer
numerous advantages. (1) Reliable, unambiguous and simul-
taneous detection of multiple solid phases crystallizing from
solution. The high sensitivity enables detection of even minor
formulation components such as buffer salts. (2) Quantification
of analyte crystallinity in complex, multi-component systems.
(3) Capability to monitor phase transitions during the entire
freeze–drying cycle.

In this study we had two objectives. (1) To develop a
synchrotron X-ray diffraction method to monitor phase
transition during the entire freeze–drying cycle. Freeze–
drying was carried out in the sample chamber of the X-ray
diffractometer, and the sample was periodically exposed to
synchrotron radiation. Aqueous sodium phosphate buffered
glycine solutions (glycine to buffer molar ratios of 1:1, 1:3 and
3:1) were utilized as model systems. (2) To investigate the
effect of initial solute concentration on the crystallization of
glycine and phosphate buffer salt during lyophilization.

To our knowledge, this is the first report wherein the
high sensitivity of SXRD was utilized to quantify crystalline
phases (glycine, phosphate buffer salt and ice) during all the
stages of freeze–drying. In addition, the influence of solute
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concentration on phase transitions during the freeze–drying
cycle was established.

MATERIALS AND METHODS

Materials

Glycine, disodium hydrogen phosphate (Na2HPO4) and
monosodium dihydrogen phosphate (NaH2PO4) were
obtained from Sigma (>99% purity), and used without further
purification. The solutions were prepared with deionized
water. A pH meter (Oakton), calibrated with standard buffer
solutions (Oakton standard buffers; pH 1.68, 4.01, 7.00 and
10.00; certified by NIST) was used.

Preparation of Sodium Phosphate Buffered Solutions

The aqueous solutions containing glycine and phosphate
buffer (glycine to buffer molar ratios of 1:1, 1:3 and 3:1; initial
concentration (mM) ratios of 50:50, 17:50 and 50:17) were
prepared by dissolving appropriate amounts of glycine and
sodium phosphate buffer (Na2HPO4: NaH2PO4; 9:1 w/w ratio)
in 50 ml deionized water. The final solution pH (7.4±0.01)
was confirmed experimentally. All solutions were filtered
(0.45 μm polyvinylidene fluoride filter) and stored in tightly
closed scintillation vials in the dark, at room temperature
(RT).

Methods

In Situ Freeze–Drying—Synchrotron XRD (Transmission
Mode)

The experimental setup is shown in Fig. 1. The experi-
ments were performed at the synchrotron beam line 6-ID-B
of the Midwest Universities Collaborative Team’s-Sector 6, at
the Advanced Photon Source, Argonne National Laboratory
(Argonne, IL, USA) (Fig. 1a). The variable temperature
stage (High-Tran Cooling System, capable of controlled
cooling by using liquid nitrogen) was attached to the Eulerian
cradle (Huber 512) using an aluminum (Al) plate (Fig. 1b).
Drying (both primary and secondary) was performed by
attaching a vacuum pump to the sample stage. An X-ray
beam (0.76534 Å; beam size 100 (vertical)×200 (horizontal)
μm) was used, wherein the flux of the incident X-rays
(intensity: 1,013 photons/s/mrad2/mm2) was attenuated to
prevent detector saturation. The monochromator, a triple-
bounce, channel-cut, [111] faces polished Si single crystal
limited the line broadening to its theoretical low limit, i.e. the
Darwin width. An image plate detector (Mar345) with 3,450×
3,450 pixel resolution in 34.5 mm diameter area, with a
readout time of 108 seconds (best resolution mode), was used.
The sample to detector distance was set to 500.1 mm. The
calibration was performed using a silicon standard (SRM
640b, NIST).
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Fig. 1. Experimental setup for the freeze–drying process used at the synchrotron beamline, Advance Photon Source, Argonne
National Laboratory IL, USA. a) The X-ray beam flight path, the Eulerian cradle and the two-dimensional image-plate
(Mar345) detector. b) Schematic of the sample chamber (view from the source). c) Schematic of the custom-designed sample cell.
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Sodium phosphate buffered glycine solution (200 μL)
was placed in a custom-designed Al sample cell with a
Kapton® window (Fig. 1c). The Al sample cell was designed
to enable all the steps of the freeze–drying to be carried out
in the beamline, while exposing a representative sample to
the synchrotron beam. The sample cell was covered with a
stainless steel dome with a beryllium window. The freeze–
drying process parameters are provided in the “RESULTS”
and “DISCUSSION” sections. Typically, the solutions were
cooled, at 2°C/min, from RT to −50°C, held for 10 min, and
heated at 5°C/min to the annealing temperature of −20°C. While
the primary drying was conducted at −25°C under reduced
pressure (100 mTorr), the secondary drying temperature ranged
between 0 and 25°C. The freeze–drying conditions were based on
the reported thermal transitions of glycine and phosphate buffer
in frozen solutions (7,35). The buffered glycine solutions were
exposed to high-intensity X-ray beam (total transmission: 3.44×
10−2 keV, exposure time: 5 or 10 s) during various stages of the
freeze–drying cycle. Additionally, a blank or background reading
was obtained by exposing an empty sample cell to the X-ray
beam. Selected experiments were performed in duplicate.

XRD Data Analysis

Time-resolved two-dimensional (2D) data were integrated
to yield one-dimensional (1D) d-spacing (Å) or 2θ (°) scans
using the FIT2D software developed by A. P. Hammersley of
the European Synchrotron Radiation Facility (43,44). The
peak intensities were normalized to transmission, attenuation
and exposure time of X-ray beam. These were imported using
commercially available software (JADE version 7.1, Materials
Data, Inc.) and a plot of the integrated intensity (counts) as a
function of d-spacing (Å) was obtained in each case. The results
were compared with the published data in the Powder
Diffraction Files (PDF) of the International Centre for Diffrac-
tion Data (ICDD). All the relevant 1D-XRD patterns were
overlaid and compared with the standard stick patterns of
crystalline glycine phases, sodium phosphate buffer and hexag-
onal ice (33). This formed the basis for the assignment of major
and minor phases at different stages of the freeze–drying cycle.

RESULTS

The ‘as is’ glycine (anhydrous α-form) and sodium
phosphate buffer components (anhydrous Na2HPO4 and
NaH2PO4) were identified by XRD, DSC and thermogravi-
metric analysis.

We had earlier shown that glycine crystallization (initial
concentration 267 mM) in frozen solutions was inhibited
when the initial sodium phosphate buffer concentration was
high (200 mM) (24). This was attributed to the pH shift
brought about by the selective crystallization of disodium
hydrogen phosphate dodecahydrate (DHPD) (15,16). We
observed that, upon annealing, a considerable fraction of
glycine crystallized (24). In this report, we evaluated the
effect of a pharmaceutically relevant sodium phosphate buffer
concentration (50 mM and 17 mM) on glycine crystallization
during the entire freeze–drying cycle. The high sensitivity of
SXRD enabled us to study crystallization from solutions with
low initial solute concentrations [glycine to sodium phosphate
buffer ratios were 1:1 (50:50 mM), 1:3 (17:50 mM) and 3:1

(50:17 mM)]. Additionally, we evaluated the utility of SXRD to
quantify phase transitions during all stages of the freeze–drying
cycle.

Further, it is known that the crystallization of DHPD is
influenced by the glycine concentration (7,24). Pikal-Cleland
et al. reported that, both in 10 and 100 mM phosphate
buffered glycine (glycine concentration≥100 mM), pH shift
due to DHPD crystallization was unavoidable (7). In our
study, initial compositions were selected to understand the
effect of glycine concentration on buffer salt crystallization
and vice versa. The extent of glycine and DHPD crystalliza-
tion, during the freeze–drying of solutions of different
compositions, was determined.

Equimolar Ratio of Glycine to Phosphate Buffer (50 mM)

Fig. 2 contains representative two-dimensional SXRD
patterns, obtained during the various stages of lyophilization
cycle. Fig. 3 is the plot of the integrated intensities of
characteristic lines of β-glycine, DHPD and ice, as a function
of freeze–drying conditions (temperature and time) for 1:1
glycine–phosphate buffer system.

Solute Crystallization During Cooling. Crystallization of
hexagonal ice, β-glycine and DHPD were first observed at
−30°C, with no appreciable increase in the peak intensities
after cooling to −50°C and holding for 10 min (Figs. 2 and 3).
As expected, none of the characteristic peaks of monosodium
hydrogen phosphate were observed, which is known to
remain amorphous even at a high concentration (11,12).

Effect of Annealing. After holding at −50°C for 10 min,
the frozen solutions were heated to −20°C and annealed for
30 min. Both DHPD and glycine peak intensities were
essentially unchanged (Fig. 3). We had earlier observed that,
in the absence of glycine, DHPD readily crystallized on
cooling, from solutions of initial concentration ranging from
10 to 100 mM, and annealing did not facilitate further solute
crystallization (19). Interestingly, the presence of glycine, at
an initial concentration of 50 mM, did not influence DHPD
crystallization in frozen systems.

Phase Transitions during Primary Drying: Extent of Solute
Crystallization and Incomplete Dehydration of DHPD. The
solution annealed at −20°C, was cooled to −25°C and dried
under vacuum (100 mTorr) for 90 min. As the intensities of the
characteristic lines of ice decreased, there was an increase in the
intensities of the characteristic lines of both β-glycine and
DHPD (Fig. 3). After ~30 min, the ice peaks had essentially
disappeared, indicating that sublimation was almost complete
(Fig. 3). The decrease in the intensities of the ice peaks was
accompanied by the appearance and increase in the intensity of
several characteristic peaks of β-glycine and DHPD. While the
DHPD peak intensities were unaffected by annealing, a
pronounced increase was observed during the first 30 min of
primary drying (Fig. 3). Disodium hydrogen phosphate is
known to crystallize spontaneously as the least soluble dodec-
ahydrate (DHPD). Upon ice sublimation, the amorphous
Na2HPO4 crystallizes as DHPD from the freeze-concentrate.
A similar but less pronounced effect was observed for glycine
crystallization (Fig. 3). Upon continuing the primary drying
from 45 to 90 min, the remaining ice sublimed. There was also a
pronounced decrease in the intensities of theDHPDpeaks. This
can be explained by the collapse of crystal lattice caused by
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dehydration, resulting in amorphous disodium hydrogen phos-
phate (Fig. 3). The glycine peak intensities, as expected, were
essential unchanged during the later stages of primary drying.

Phase Transitions during Secondary Drying: Complete
Dehydration of DHPD. To investigate any further phase
transformations at higher temperatures, the lyophiles after
primary drying were heated at 5°C/min under vacuum
(100 mTorr) to 0°C and held for 20 min. While the intensities
of the β-glycine peaks were essentially unchanged, no new
peaks appeared. This indicates complete dehydration of
DHPD to amorphous Na2HPO4 (Figs. 2 and 3). Further
drying of the lyophiles, first at 5°C and then at 25°C, caused
no detectable changes in the XRD pattern.

Higher Buffer Concentration (Glycine:Phosphate Buffer::17:
50 mM)

A plot of the intensities of the characteristic peaks of
DHPD and ice, during various stages of freeze–drying, is
presented in Fig. 4. As observed earlier (equimolar ratio of

glycine to buffer), the crystallization of DHPD and ice was
evident at −30°C (Fig. 4). There was no evidence of glycine
crystallization. Upon annealing at −20°C for 30 min there was
no significant change in the extent of DHPD crystallization.
During primary drying at −25°C, there was a pronounced
increase in the intensity of DHPD peaks during the first
10 min (Fig. 4). At 12 min, rapid sublimation of ice was
evident from the dramatic decrease in the intensity of ice
peaks. At this time, the DHPD peak intensity was the
maximum. Upon further drying, when the remaining ice
sublimed, the dehydration of DHPD yielded amorphous
Na2HPO4 (Fig. 4). At the end of primary drying, based on
the intensities of DHPD peaks, approximately 50% of the
crystallized DHPD had dehydrated. The dehydration was
complete after secondary drying at 0°C. The lyophile was
X-ray amorphous even when the secondary drying tempera-
ture was progressively increased to 25°C (Fig. 4).

Complete Inhibition of Glycine Crystallization—Impact
of DHPD Crystallization and Dehydration. There was no
evidence of glycine crystallization during the different stages
of freeze–drying cycle (Fig. 4). Glycine remained amorphous
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not only in frozen solutions but also in the final lyophile. This
inhibition of glycine crystallization can be explained based on
previous reports (22). The solute concentration, pH and
phase composition changes during the entire freeze–drying
process can influence the resulting solid state of glycine. In
our previous report, when the glycine to buffer ratio was
~1.3:1 (267:200 mM actual initial concentration) a significant
fraction of glycine remained amorphous in the freeze-
concentrate and crystallized upon annealing (24). The inhibi-
tion of glycine crystallization could be attributed to an acidic
pH shift caused by the DHPD crystallization. In the current
study, the concentration of sodium phosphate buffer (50 mM)
was significantly higher than that of glycine (17 mM). This
high initial buffer concentration, coupled with the pH-shift
due to buffer salt crystallization, would have caused complete
inhibition of glycine crystallization in the frozen system.
Interestingly, glycine was retained amorphous in the final
lyophile. It is possible that DHPD crystallization during
drying further inhibited glycine crystallization.

Lower Buffer Concentration (Glycine:Phosphate Buffer∷
50:17 mM)

Fig. 5 contains representative two-dimensional SXRD
patterns, obtained during the various stages of the lyophili-
zation cycle. From these patterns, the intensities of the
characteristic peaks of β-glycine, DHPD and ice were

obtained and plotted (Fig. 6). When cooled to −50°C, only
the crystallization of ice was observed. The β-glycine
crystallization was evident after holding at −50°C for
10 min, though there was no evidence of DHPD crystalliza-
tion (Figs. 5 and 6). Gomez et al. observed a pH shift of
~2 units from a solution buffered to pH 7.4. In this system the
initial buffer salt concentration was 8 mM. However, when
the initial buffer concentration was 100 mM the pH shift was
much higher (~3.2 units) (15,16). The less pronounced pH-
shift, at low initial buffer concentration, is attributable to the
decrease in DHPD crystallization at far-from equilibrium
conditions (7,15,16). In our system, the low initial buffer
concentration (17 mM) and the presence of glycine substan-
tially delayed the crystallization of DHPD.

Upon annealing the frozen solutions at −20°C, the
crystalline β-glycine content increased continuously as a
function of time (Fig. 6). Although crystallization of DHPD
was not evident during freezing, the characteristic peaks of
DHPD (including the 5.42 Å peak) were observed after
30 min of annealing at −20°C, with a pronounced increase in
intensity as annealing progressed (Figs. 5 and 6). Interesting-
ly, contrary to expectations, the intensity of ice peaks
decreased during annealing. We did not attempt to investigate
this further, since this paper focused on phase transitions of
solutes.

The increase in the crystalline DHPD content continued
during primary drying at −25°C until a significant fraction of
the ice had sublimed (Fig. 6). The crystalline DHPD content
appeared to be much higher than that in the other two
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phosphate buffer ratio was 1:1 (50:50 mM). The freeze–drying conditions are described in the
legend of Fig. 2.
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compositions. This observation is noteworthy in light of the fact
that the initial buffer concentration of 17 mM, is much lower
than in the other two cases (50 mM). Dehydration of DHPD
was initiated only when the ice sublimation was almost complete
(Fig. 6). The crystallization of β-glycine progressed during
primary drying and leveled off during secondary drying (Fig. 6).
Only crystalline β-glycine was detected in the final lyophile
indicating the complete dehydration of DHPD (Fig. 6).

DISCUSSION

Effect of Prelyophilization Solution Composition on Phase
Transitions During Lyophilization

In the solutions cooled to −50°C, crystalline hexagonal
ice was the major component. When the initial phosphate
buffer concentration (50 mM) was significantly higher than
that of glycine (17 mM), only DHPD crystallization was
observed (Fig. 4). In contrast, at a higher initial glycine
concentration (50 mM), only crystallization of β-glycine was
evident (Fig. 6). When the initial concentrations of glycine
and buffer salts were equal (50 mM each), crystallization of
both DHPD and β-glycine was observed (Fig. 3). In all cases,
there was no evidence of crystallization of monosodium
dihydrogen phosphate.

Annealing facilitated further crystallization of glycine in
3:1 (glycine:buffer) system (Fig. 6) but not in 1:1 system
(Fig. 3). It is possible that in 1:1 system, both glycine and

DHPD crystallization was completed during cooling. When
the initial sodium phosphate buffer concentration was higher
(1:3), glycine remained amorphous even at the end of
annealing (Fig. 4). The possible reasons for this observation
were discussed earlier. There was no pronounced effect of
annealing on DHPD crystallization in both 1:1 and 3:1 (glycine:
buffer) systems (Figs. 3 and 6). Interestingly, when the glycine
concentration was higher (3:1 system, Fig. 6) DHPD crystalli-
zation became evident only towards the end of annealing.

During the initial stage of primary drying, there was ice
sublimation, evident from the decrease in the intensities of
the characteristic hexagonal ice peaks, and a concomitant
increase in the intensities of peaks attributed to β-glycine and
DHPD. When the initial buffer concentration was high (1:3
system), DHPD constituted the major crystalline component
(Fig. 4). In all cases, towards the latter part of primary drying,
as ice sublimation was complete, (evidenced by the disap-
pearance of the ice peaks) there was also a concomitant
decrease in the DHPD peak intensities, revealing dehydra-
tion of DHPD to amorphous Na2HPO4. Such a crystalline
hydrate → amorphous anhydrate transition of the sodium
phosphate buffer salt was reported earlier (34). As discussed
earlier, there was no evidence of glycine crystallization when
the initial glycine concentration was 17 mM (Fig. 4).

At all compositions, the dehydration of DHPD, leading
to the formation of amorphous Na2HPO4 was complete
during secondary drying. Thus, in the final lyophile, both
the buffer components (Na2HPO4 and NaH2PO4) were
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amorphous. However, since the disodium hydrogen phos-
phate had crystallized as a dodecahydrate, and then under-
gone a crystalline hydrate → amorphous anhydrate transition,
it is expected to exist as a discrete phase, formed only after a
significant fraction of the ice had sublimed in the final
lyophile. The final lyophile, prepared from the 1:1 or 3:1
systems, contained β-glycine. At a high buffer concentration
(3:1), glycine was retained amorphous (Fig. 4).

To our knowledge, crystallization of DHPD followed by
its incomplete dehydration during primary drying has not been
previously reported (15,16,34,35). We believe that the capa-
bility of in situ SXRD to acquire time-resolved data, coupled
with its high sensitivity revealed this phase transition during
processing.

Effect of Initial Solute Concentration on the Crystallization
of Glycine and Phosphate Buffer in Freeze–Dried Systems

The crystallization behavior of glycine and DHPD can be
influenced by the initial solute concentration as well as the

processing conditions. In this study, while keeping the
processing conditions (temperature and pressure) fixed, the
solute concentrations were varied. This design of experiment
enabled us to determine the effect of concentration and
understand the effect of one solute on the crystallization
behavior of the other.

Effect of Phosphate Buffer Concentration on Glycine
Crystallization

The extent of glycine crystallization, during all stages of
the freeze–drying process, was affected by the sodium
phosphate buffer concentration (Fig. 7). At the higher buffer
concentration (50 mM), there was a substantial inhibition of
glycine crystallization. When these solutions were cooled,
disodium hydrogen phosphate crystallized as the dodecahy-
drate (DHPD) which is known to cause a significant acidic
pH shift (15,16). This shift in pH alters the speciation of
glycine and inhibits glycine crystallization (5,21,24). In our
previous study, when glycine solutions (267 mM initial
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concentration) adjusted to pH 3 or buffered to pH 7.4
(200 mM sodium phosphate buffer), were cooled to −50°C,
a significant fraction of glycine remained amorphous. In the
present case, when the initial concentration of phosphate
buffer and glycine were the same (50 mM each), a more
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Fig. 7. Effect of buffer concentration on glycine crystallization during
various stages of lyophilization. While the glycine concentration in
the prelyophilization solution was 50 mM, the buffer concentration
was either 17 or 50 mM. *Sum of the integrated intensities of the 4.92
and 3.15 Å lines of β-glycine (35).
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pronounced inhibition of glycine crystallization was observed.
This was attributed to the pH shifts in the freeze–concentrate.

At ambient conditions, inhibition of α-glycine crystalli-
zation in solutions with initial pH values of 3 or 9 was
explained to occur via ‘self-poisoning’ mechanism to produce
γ-glycine (23). A crystal packing examination of α-glycine
indicates that the hydrogen-bonded cyclic dimer (packed in
two-dimensional array) is the building-block for the growth of
α-glycine. The charged species of glycine inhibit the forma-
tion of the α-glycine dimers and consequently thermodynam-
ically stable γ-glycine crystallizes in one-dimension polar
chains (23,36). Interestingly, β-glycine exists as hydrogen-
bonded monomers, which is known to crystallize rapidly in
the presence of ice (21–23,25). There are no reports in the
literature to suggest the inhibition of β-glycine (zwitterion)
crystallization by charged glycine species (+H3NCH2COOH
or NH2CH2COO−).

Effect of Glycine Concentration on DHPD Crystallization
and Dehydration

When the glycine concentration was increased from 17 to
50 mM, there was a small but consistent inhibitory effect on
DHPD crystallization (Fig. 8). A higher glycine:buffer ratio in
the prelyophilization solution is expected to result in a higher
glycine concentration in the amorphous freeze-concentrate.
The uncrystallized glycine is known to inhibit DHPD
crystallization (7).

Significance and Practical Implications

Using sodium phosphate buffered glycine as a model
system; we have demonstrated the utility and sensitivity of
synchrotron radiation to monitor phase transformations
during all the stages of the freeze–drying cycle. This approach
will enable us to optimize the processing conditions as well as
the formulation composition so as to obtain a robust
lyophilized product. For example, our real time simulation
studies can enable the optimization of the annealing con-
ditions (temperature and time) to cause complete crystalliza-
tion of the bulking agent (3,5,13,20,30). In addition to the
phase behavior of the individual solutes, the effect of one
solute on the crystallization behavior of others can be
evaluated in complex multi-component systems of pharma-
ceutical interest. The SXRD method will be an excellent
complement to the other techniques such as freeze–drying
microscopy and DSC which are used to characterize frozen
systems and to select critical process parameters. However,
the unique feature of the XRD technique is that the system is
monitored continuously, in real time, over the entire freeze–
drying cycle. The high sensitivity of SXRD coupled with rapid
data collection (time intervals<1 s), will also enable kinetic
studies of physical and chemical processes during freeze–
drying (ice sublimation, solute crystallization, dehydration,
polymorphic transformation). Such studies, in addition to
improving our understanding of the freeze–drying process,
may enable process optimization with minimal batch-to-batch
variability. Our model compositions did not contain an active
pharmaceutical ingredient (API). The concentration and the
physical form of the API can influence the phase behavior of
the excipients and vice versa.

CONCLUSIONS

A high-intensity X-ray diffraction method was developed
to monitor the phase transitions during the entire freeze–
drying cycle of sodium phosphate buffered glycine solutions.
The high sensitivity of SXRD provided quantitative informa-
tion of the crystalline DHPD and β-glycine phases during the
various stages of freeze–drying. The crystallization of DHPD
followed by its incomplete dehydration during primary drying
and complete dehydration during secondary drying was
revealed. The impact of initial concentrations of phosphate
buffer and glycine on the crystallization behavior of these two
solutes, during the entire freeze–drying cycle, was quantified.
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