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Purpose. (1) To determine the effect of solution pH before lyophilization, over the range of 1.5 to 10, on

the salt and polymorphic forms of glycine crystallizing in frozen solutions and in lyophiles. (2) To

quantify glycine crystallization during freezing and annealing as a function of solution pH before

lyophilization. (3) To study the effect of phosphate buffer concentration on the extent of glycine

crystallization before and after annealing.

Materials and Methods. Glycine solutions (10% w/v), with initial pH ranging from 1.5 to 10, were cooled

to j50-C, and the crystallized glycine phases were identified using a laboratory X-ray source. Over the

same pH range, glycine phases in lyophiles obtained from annealed solutions (0.25, 2 and 10% w/v

glycine), were characterized by synchrotron X-ray diffractometry (SXRD). In the pH range of 3.0 to 5.9,

the extent of glycine crystallization during annealing was monitored by SXRD. Additionally, the effect

of phosphate buffer concentration (50 to 200 mM) on the extent of glycine crystallization during

freezing, followed by annealing, was determined.

Results. In frozen solutions, b-glycine was detected when the initial solution pH was Q 4. In the lyophiles,

in addition to b- and g-glycine, glycine HCl, diglycine HCl, and sodium glycinate were also identified. In

the pH range of 3.0 to 5.9, decreasing the pH reduced the extent of glycine crystallization in the frozen

solution. When the initial pH was fixed at 7.4, and the buffer concentration was increased from 50 to 200

mM, the extent of glycine crystallization in frozen solutions decreased with an increase in buffer

concentration.

Conclusion. Both solution pH and solute concentration before lyophilization influenced the salt and

polymorphic forms of glycine crystallizing in frozen solutions and in lyophiles. The extent of glycine

crystallization in frozen solutions was affected by the initial pH and buffer concentration of solutions.

The high sensitivity of SXRD allowed simultaneous detection and quantification of multiple crystalline

phases.

KEY WORDS: freeze-drying; glycine; lyophiles; phosphate buffer; polymorphs and salts; synchrotron
XRD.

INTRODUCTION

Lyophilization (freeze-drying) is widely utilized for
manufacturing pharmaceutical proteins, diagnostic agents
and other thermolabile therapeutic agents. Lyophilized
formulations are multi-component systems containing the
active pharmaceutical ingredient (API) and excipients such
as bulking agents, lyoprotectants and buffers. The physical

form of the API and the excipients in the final lyophile will
influence the product stability (chemical as well as physical)
and performance (e.g., reconstitution time) (1Y4). In protein
formulations, a major challenge is to minimize the damage to
protein from the stresses (e.g., pH changes, increase solute
concentration, dehydration) experienced during the freeze-
drying cycle. 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
decreasing the cycle time and also result in elegant lyophiles
(1Y9).

The physical state of the formulation components in the
final lyophiles will be determined by the composition of the
dosage form, as well as the processing conditions. Solute as
well as ice crystallization can often be induced by annealing
frozen solutions (6Y13). 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-
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ingly, when the initial glycine concentration was >100 mM,
the crystallization of buffer salt was facilitated (14). Pyne et
al. demonstrated a complex interplay between the amor-
phous and crystalline phases in the ternary system composed
of mannitol, glycine and sodium phosphate (12). The
crystallization of buffer salts (e.g., in the case of sodium
phosphate buffer) in frozen systems is not desired due to the
potential for significant pH-shifts that can affect the protein
stability (7,14Y16). In this context, to develop a robust
process, it is important to: (a) identify the phase transitions
of formulations components, and (b) investigate the extent of
crystallization, at different stages of freeze-drying cycle.

In the case of glycine, the formulation components
including the API can inhibit or enhance the crystallization
of glycine during freezing (9Y12,14). Moreover, the solution
pH before lyophilization, can influence the extent of glycine
crystallization and also the salt and polymorphic forms of
glycine. The isoelectric pH of glycine (+H3NCH2COOj) is
5.97. The pKa values of 2.35 (carboxylic acid) and 9.78
(amine), dictate the speciation and solubility of glycine forms
as a function of pH (17Y21).

The crystallization behavior of glycine from aqueous
solutions has been widely studied (21Y25). At ambient
conditions, neutral glycine exists in three polymorphic forms,
with the order of their thermodynamic stability being g > a > b.
While a- and g-glycine are enantiotropically related, b-glycine
is monotropically related to a- and g-glycine. Although g-
glycine is the stable form at room temperature, a-glycine
readily crystallizes from solutions. While g-glycine can be
crystallized from acidic or basic solutions, the metastable b-
glycine is known to crystallize from waterYalcohol mixtures, or
from highly supersaturated solutions. Controlled cooling of
neutral glycine solutions yielded b-glycine as a eutectic
mixture with ice characterized by the melting temperature
ofõj4-C. Upon exposure to moisture at ambient temperature,
b-glycine readily converted to a mixture of a- and g-glycine.

In addition to the widespread interest in the crystalliza-
tion of glycine from solutions, in recent years, considerable
attention has been paid to the process-induced phase

transitions of glycine polymorphs (17,22Y30). Towler et al.
elegantly demonstrated the impact of pH-dependent molec-
ular speciation and the role of counterions upon aY g
polymorphic transition (17). Yu and Ng determined the
effect of initial pH (range 1.7 to 10) on the crystallization of
glycine polymorphs and salts upon spray-drying (27). While
neutral glycine solutions produced a-glycine, g-glycine was
obtained by adjusting the pH to 3, 4, 8 or 9. Pioneering
studies by Akers et al. demonstrated the effect of glycine
salts, initial solution pH, and ionic strength on the glycine
crystallization in frozen solutions and lyophiles (28). Al-
though crystallization of g-glycine was evident at pH 3, a
mixture of b-glycine and sodium glycinate was observed at
pH 10. The effect of processing conditions (e.g., cooling rate,
annealing) have been studied mostly in neutral glycine
solutions. Chongprasert et al. utilized low-temperature dif-
ferential scanning calorimetry (DSC) and freeze-drying
microscopy to investigate the thermal behavior of glycine
(29), while Pyne and Suryanarayanan used low-temperature
X-ray diffractometry (XRD) to study the phase transitions of
glycine in frozen aqueous solutions and during freeze-drying
(30).

Although Akers et al. studied the crystallization of
glycine when solutions of selected pH values were cooled,
there is no report on the crystallization behavior of glycine in
frozen solutions and lyophiles obtained from solutions over
the entire pH range of 1 to 10. Moreover, no attempts have
been made to quantify the crystalline glycine content, during
different stages of the freeze-drying cycle, both in the
presence and absence of buffer.

It is known that the crystallization of the base compo-
nent of phosphate buffer as disodium hydrogen phosphate
dodecahydrate (DHPD) causes pH shifts in frozen solutions
(31,32). Pronounced pH shifts of up to three units were
observed when the initial buffer concentrations were Q50 mM
(31Y33). 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 (33). Gomez et al.
developed an elegant method to monitor pH changes at
temperatures Qj17-C by using a low temperature electrode
(31,32). Unfortunately, this approach will not be suitable to
monitor the pH at the temperature of our interest (õj50-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 (33). Alternative methods are being
developed to monitor shift in acidity induced by freeze-
drying. Govindarajan et al. utilized sulfonephthalein dyes and
diffuse reflectance visible spectroscopy to evaluate the
acidity of trehaloseYcitrate lyophiles (34).

We have demonstrated the utility and power of SXRD
to detect solute crystallization from dilute solutions (33).
Synchrotron radiation has already shown promise for in situ
monitoring of crystallization, investigating solution mediated
polymorphic transformations, and for quantifying the crys-
tallinity in a substantially amorphous matrix (35Y37). In
addition to high sensitivity, very rapid data collection is
possible (<1 s) enabling time-resolved studies (33,35Y37). An
approach based on SXRD could offer numerous advantages.
(1) Reliable, unambiguous and simultaneous 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) Capa-
bility to monitor phase transitions during the entire freeze-
drying cycle.

In this investigation we had three objectives. (1) To
determine the effect of initial solution pH, over the range of
1.5 to 10, on the salt and polymorphic forms of glycine
crystallizing in frozen solutions and upon subsequent lyoph-
ilization. In the same pH range, the effect of solute
concentration, ranging from 0.25 to 10% w/v (33 to 1332
mM), was also determined. (2) To determine the effect of
annealing on the extent of glycine crystallization in frozen
solutions. The initial solution pH ranged from 3.0 to 5.9. (3)
Finally to investigate the effect of phosphate buffer concen-
tration, over the range of 50 to 200 mM, on the extent of
glycine crystallization before and after annealing. While the
studies were initiated with a laboratory-based X-ray diffrac-
tometer, the complexity of the system, the presence of
multiple crystalline phases and low analyte concentrations
necessitated the use of synchrotron radiation for most of the
studies.
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MATERIALS AND METHODS

Materials

Glycine, sodium glycinate, disodium hydrogen phos-
phate (Na2HPO4) and monosodium dihydrogen phosphate
(NaH2PO4) were obtained from Sigma, and used without
further purification. In all experiments deionized water was
used to prepare solutions. 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 Glycine and Buffer Solutions

Aqueous glycine solutions (0.25, 2 and 10% w/v),
ranging in pH from 1.5 to 5 and 7 to 10, were prepared
(Table I). The pH was adjusted by adding 1, 2 or 5 M HCl/
NaOH solutions. There was no significant change in the
concentration as very small volumes of acid/base were
required to attain the desired pH values. Phosphate-buffered
(200/100/50 mM) glycine (2% w/v) solutions 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 pH of 7.4 (T0.01) of all the
solutions was confirmed experimentally. The solutions were
filtered (45 mm nylon filter) and stored in tightly closed
scintillation vials in dark, at room temperature (RT).

Preparation of Lyophiles

Lyophilization was carried out in a bench-top (VirTis\

AdVantagei, Gardiner, NY) freeze dryer. Glass vials (USP
Type I borosilicate, VWR\) with 20 mm neck size and 10 ml
fill volume were used. The vials were filled with glycine
solutions (5 ml) of various concentrations and pH values, and
then loaded into the freeze dryer (Table I). The solutions
were cooled to a shelf temperature of j50-C at 1-C/min, held

for 1.5 h, heated to j20-C and annealed for 4 h. Primary
drying (at 60 mTorr) was carried out at a shelf temperature
of j30-C for 30 h. Secondary drying was first conducted at
j10-C for 3 h and then at 10-C for 5 h. At the end of
lyophilization cycle, the vials were capped using rubber
stoppers (two-leg gray butyl, Fisher Scientific) under vacuum
(at 60 mTorr) and then stored in the dark, at RT.

The cooling rate of 1-C/min and other process variables
during freeze-drying were selected based on: (1) the number
of vials (30 in each batch) and the sample volume (5 ml in
each vial), (2) results of preliminary in situ laboratory XRD
experiments (not discussed in the paper) wherein the entire
freeze-drying cycle was simulated and (3) the thermal
transitions in frozen glycine solutions (28Y30). The eutectic
melt in frozen aqueous glycine solutions was observed
at õj4-C. At annealing temperatures Qj10-C, polymorphic
transition was observed in the crystalline glycine. The
conclusions were based on both DSC and low-temperature
XRD (28Y30). Therefore, we selected the annealing (j20-C)
and primary drying temperatures (j30-C) to be substantially
below these transition temperatures.

Table I describes the compositions of the sample
solutions, the processing conditions and the XRD method
used for analysis.

Methods

Laboratory X-ray Diffractometry

A powder X-ray diffractometer (Model XDS 2000,
Scintag; Bragg-Brentano focusing geometry) with a variable
temperature stage (High-Tran Cooling System, Micristar,
Model 828D, R.G. Hansen & Associates; working tempera-
ture range: j190 to 300-C) and a solid-state detector was
utilized for low-temperature studies. The glycine solution (200
mL) was pipetted into a copper sample holder, covered with a
stainless steel dome with a beryllium window, and cooled at

Table I. Composition of Sample Solutions, Processing Conditions and Method of Analysis

Solute(s)

Initial

pH

Initial

Concentration

Total

Number

of Samples

Processing

Condition

XRD

Conducted

ona Radiation

Glycine 1.5, 2.0,

3.0, 4.0,

5.0, 5.9,

7.0, 8.0,

9.0, 10.0

10% w/v (1332 mM) 10 Freezing (2-C/min) Frozen

solutions

Laboratory

source

10% w/v (1332 mM) 10 Freezing (1-C/min),

annealing and drying

Final lyophiles Synchrotron source

2% w/v (266 mM) 10

0.25% w/v (33 mM) 10

Glycine 3.0, 4.0,

5.0, 5.9

2% w/v (266 mM) 4 Freezing (10-C/min)

and annealing

Frozen and

annealed

solutions

Synchrotron

source

Glycine + Sodium

phosphate buffer

7.4 A) 266 mM + 200 mM 3

B) 266 mM + 100 mM

C) 266 mM + 50 mM

a The stage of the freeze-drying cycle at which the characterization studies were performed.
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2-C/min, from RT to j50-C and held for 15 min. It was then
exposed to CuKa radiation (45 kV� 40 mA) and the XRD
patterns were obtained by scanning over a 2q angular range of
2 to 45- with a step size of 0.05- and a dwell time of 1 s.

Synchrotron XRD (Transmission Mode)

The experiments 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). The variable
temperature stage (High-Tran Cooling System,) was attached
to the Eulerian cradle (Huber 512) using an aluminum (Al)
plate. A monochromatic X-ray beam (0.76534 Å; beam size
100 (vertical)� 200 (horizontal) mm) was used. A triple-
bounce channel-cut Si single crystal monochromator with
[111] faces polished was used as the monochromator which
limited the line broadening to its theoretical low limit, i.e.,
the Darwin width.

The flux of the incident X-rays (intensity: 1013 photons/
sec/mrad2/mm2) was attenuated to prevent detector saturation.
An image plate detector (MAR3450) with 3450� 3,450 pixel
resolution in 34.5 mm diameter area with a readout time of 108 s
(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). Time-resolved two-
dimensional (2D) data were integrated to yield one-dimension-
al (1D) d-spacing (Å) or 2q (-) scans using the FIT2D software
developed by A. P. Hammersley of the European Synchrotron
Radiation Facility (38,39). A commercial software (JADE,
version 7.1, Materials Data, Inc.) package was used for
determining the integrated peak intensities.

Glycine or buffered glycine solution (200 mL) was placed
in a specially designed Al sample cell with a Kapton\ window
(Fig. 1). The entire setup was covered with a stainless steel
dome with a beryllium window. The solutions were cooled at 2

Kapton® film window

Aluminum holder

Frozen solution or lyophile

Connection to cooling system

X-ray
beam

Detector

A

C

B

Cell dimensions:
A = 10 mm, B = 12 mm, 
C = 8 mm, D (thickness) = 2 mm 

D

Side viewFront view

f

-

A

B

Fig. 1. Schematic diagram of the sample cell used for SXRD

experiments.

Table II. Distribution of Glycine Polymorphs and Salts in Frozen Solutions and in the Final Lyophiles as a Function of Initial pH and

Concentration

Initial Glycine

Concentration

(% w/v)

Initial pH of Solution

1.5 2 3 4 5 5.9a 7 8 9 10

10b G.HCl DiG.HCl +

G.HCl

DiG.HCl b +

DiG.HCl

b +

DiG.HCl

b b b b Y

10c G.HCl DiG.HCl +

G.HCl

g +

DiG.HCl

b+ b+ b b g g +

G.Na

g +

G.Na

DiG.HCl

(trace)

DiG.HCl

(trace)

2c G.HCl+ DiG.HCl +

G.HCl

g+ b+ b+ b+ b b+ g+ g+ g +

G.Na

DiG.HCl

(trace)

DiG.HCl

(trace)

DiG.HCl

(trace) +

g (trace)

DiG.HCl

(trace) +

g (trace)

g (trace) G.Na

(trace)

G.Na

(trace)

0.25c G.HCl+ G.HCl+ g + b +

DiG.HCl

b+ b+ b b b g+ g+

DiG.HCl

(trace)

DiG.HCl

(minor)

DiG.HCl

(minor)

DiG.HCl

(minor)

G.Na

(minor)

G.Na

(minor)

a pH of neutral glycine solution
b frozen solutions studied using laboratory XRD (major phase in all case = hexagonal ice)
c final lyophiles studied using synchrotron XRD
G.HCl = glycine hydrochloride
DiG.HCl = diglycine hydrochloride
G.Na = sodium glycinate
b = beta glycine
g = gamma glycine
minor = percent intensity of the characteristic peaks with respect to the most intense peak was between 0.2Y0.5%
trace = percent intensity of the characteristic peaks with respect to the most intense peak <0.2%
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or 10-C/min from RT to j50-C, held for 15 min and annealed
at j20-C for 20 mins. The frozen solutions were exposed to
high-intensity X-ray beam (total transmission: 3.44� 10j2

KeV, exposure time: 5/10 s) at different stages of freezing
and annealing. Additionally, a blank/background reading was
obtained by exposing an empty sample cell to X-ray beam.
The lowest controlled cooling rate in the variable tempera-
ture stage was 2-C/min. A higher cooling rate of 10-C/min
was used for solutions that were subsequently annealed. The
final lyophiles of glycine were placed in the sample cell (Fig.
1) and exposed to synchrotron radiation (with total transmis-
sion: 5.71� 10j4 KeV, exposure times of 1Y10 s).

XRD Data Analysis

The data, obtained either from the laboratory or the
synchrotron source, was analyzed using a commercial soft-
ware package (JADE, version 7.1, Materials Data, Inc.). The
peaks in the 1D-XRD patterns were integrated 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 Diffraction Data
(ICDD) card patterns. This formed the basis for the
assignment of major and minor phases shown in Table II.
To obtain Figs. 2 to 5, the relevant XRD patterns were
overlaid and compared with the standard stick patterns of
crystalline glycine phases and ice (40,42).

RESULTS AND DISCUSSION

The Fas is_ glycine was identified as the a-polymorph,
based on XRD, DSC and thermogravimetric analysis.
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Glycine Crystallization in Frozen Solutions
and LyophilesVVEffects of Solution pH and Concentration

Table II lists the different polymorphs and salts of glycine
identified in the frozen solutions and in the lyophiles. While the
frozen solutions were characterized by laboratory XRD, the
high sensitivity of SXRD was utilized to detect the crystalline
phases in the lyophiles. The b- and g-polymorphic forms of
glycine (+H3NCH2CO2

j) were characterized by their unique

lines with d-spacings of 4.92 and 4.07 Å, respectively. Glycine
hydrochloride (G.HCl, +H3NCH2CO2HIClj) and diglycine
hydrochloride (DiG.HCl, +H3NCH2CO2

jI+H3NCH2CO2HIClj)
were characterized by their unique lines with d-spacings of 3.48
and 3.98 Å, respectively. SXRD enabled the detection of Fminor_
and Ftrace_ phases. For the purpose of this discussion, a phase is
considered Fminor_ and Ftrace_ when the percent intensity of the
characteristic peak with respect to the most intense peak was
between 0.2Y0.5 and < 0.2%, respectively (Table II).
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Frozen solutionsV10% w/v initial glycine concentration. In
all frozen solutions the presence of crystalline hexagonal ice
was evident from lines with d-spacings of 3.93, 3.65, 3.46 and
2.68 Å (Fig. 2). In the pH range 4.0Y9.0, the b-glycine was
observed in the frozen solutions (Fig. 2). Interestingly, at pH
values of 4 and 5, diglycine HCl was also detected. Notably, g-
glycine was not detected in the frozen solutions in the pH
range of 1.5 to 10. In glycine solutions under ambient

conditions and during spray drying, g-glycine crystallized from
initial acidic (pH 3Y4) as well as basic (pH 8Y9) conditions
(17,27). In our experiments using the laboratory XRD, the
detection of low levels of g-glycine would have been challeng-
ing in the presence of highly intense ice peaks (33). Notably,
crystallization of glycine polymorph and salts can also be
affected by the cooling rate, supersaturation levels, counter-ion
concentration and the presence of ice (17,30). Therefore, it is
possible that crystallization of diglycine HCl was favored
kinetically during freezing. Moreover, it is known that
crystallization of glycine at extreme pH conditions is slow
and requires longer time to complete crystallization, as
compared to neutral glycine solutions (17,27,30). Consequent-
ly, most of the glycine remained uncrystallized in the freeze-
concentrate. If seeds or low levels of crystalline g-glycine were
present, but not detected, it should be evident upon crystal-
lization during annealing or after drying. Naturally, our next
step was to study the freeze-dried samples of 10% w/v glycine
solutions.

LyophilesV10% w/v initial glycine concentration. When
the solutions were freeze-dried using the bench-top lyophi-
lizer, g-glycine was detected when the initial solution pH was
3 and Q8 (Fig. 3). The possible reasons for the crystallization
of g-glycine were discussed earlier. Additionally, the bY g
transition during freeze-drying cannot be ruled out (28Y30).
Pyne et al. observed this transition in the quench-cooled
samples of neutral glycine solutions containing a mixture of
b- and g-glycine. Upon annealing at j10-C for õ4 h, the
bY g transition was complete (30). In our case, we could
have obtained mixtures of b- and g-glycine, not through
quench cooling, but due to the initial solution pH. In glycine
solutions, with initial pH values of 3, 8 or 9, while the pH may
favor the formation of g-glycine, the kinetic factors (e.g., ice
crystallization) during freezing could produce b-glycine or
diglycine HCl. Moreover, bY g transition is possible during
freeze-drying as the g-polymorph (thermodynamically most
stable) would be favored over the metastable b-polymorph.
At high pH values of 9 and 10, sodium glycinate was detected
in the lyophile. Again, the detection of this phase might have
been a challenge in the frozen state when analyzed using a
laboratory diffractometer.

LyophilesV2 and 0.25% w/v initial glycine concentrations. Our
next interest was to evaluate the effect of pH and low solute
concentration upon the glycine phase crystallizing in the final
lyophile. Therefore, maintaining a constant cooling rate (1-C/
min), the effect of solution pH (range 1.5 to 10) and initial
glycine concentration (2.0 and 0.25% w/v) were investigated
(Figs. 4 and 5). We hypothesize that in the pH range of 3 to 8,
during cooling, if the initial glycine concentration is decreased
(lower supersaturation compared to 10% w/v solutions), the
crystallization of b-glycine would be favored over g-glycine.
The rate of glycine crystallization during cooling, from
solutions with initial pH values of 3 or 10, was slower than
that from neutral solutions. The crystallization of g-glycine
occurred slowly whereas b-glycine crystallized rapidly in the
presence of ice (17,27Y29). Thus, a decrease in the crystalliza-
tion rate of g-glycine might allow the kinetically stable b-
glycine to crystallize spontaneously. Moreover, there are no
reports in the literature to suggest the inhibition of b-glycine

Fig. 6. 2D-SXRD patterns (Frame 1 to 12 in a and b) of frozen

solutions of glycine at different stages of freezing and annealing.

Glycine solutions (2% w/v) with initial solution pH in the range of 3

to 5.9 were cooled at 10-C/min from RT to j50-C, held for 15 min,

then heated at 5-C/min to j20-C and annealed for 10 min. The

characteristic lines for crystalline b-glycine are marked by asterisk,

whereas the lines for crystalline ice are marked by X. For clarity,

these lines are marked only in the frame 3a.
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(zwitterion) crystallization by charged glycine species
(+H3NCH2COOH or NH2CH2COOj) so as to favor g-glycine
formation. At ambient conditions, inhibition of a-glycine
crystallization in solutions with initial pH values of 3 or 9
was explained to occur via Fself-poisoning_ mechanism to
produce g-glycine (17). A crystal packing examination of a-
glycine indicates that the hydrogen-bonded cyclic dimer
(packed in two-dimensional array) is the building-block for
the growth of a-glycine. The charged species of glycine inhibit
the formation of the a-glycine dimers and consequently g-
glycine crystallizes in one-dimension polar chains (17,18).
Interestingly, b-glycine exists as hydrogen-bonded monomers.

As expected, b-glycine was detected, along with g-
glycine, at pH 3. This is one of the few instances wherein a
mixture of glycine polymorphs were obtained when a frozen
solution, obtained by controlled cooling, was dried. Similarly
at pH 8, when the glycine concentration was reduced from 2.0
to 0.25% w/v, b-glycine was detected.

Crystallization of glycine HCl and diglycine HCl in
frozen solutions and lyophiles. At initial solution pH of 1.5
and 2, crystallization of diglycine HCl and/or glycine HCl was
observed in the frozen solution as well as in the final lyophiles
(Table II). In the pH range of 3 to 5, irrespective of the initial
glycine concentration, diglycine HCl crystallized in the frozen

solutions as well as in the lyophiles. A possible explanation is
that after ice crystallization there was an increase in the
chloride ion concentration in the freeze-concentrate, which
facilitated the formation of diglycine HCl. Interestingly, Yu
and Ng spray-dried the glycine solutions and demonstrated
the formation of diglycine HCl as a minor component at pH 3
but not at pH 4 (27). The absence of diglycine HCl at pH 4
can be explained by the loss of HCl during the spray-drying
process. In contrast, the freeze-drying process would retain
most of the HCl, thereby favoring the formation of diglycine
HCl. In contrast to our use of SXRD, previous studies had
utilized a laboratory XRD wherein the diglycine HCl may not
have been detected. In this context, SXRD is an excellent
technique for unambiguous identification and quantification of
multiple phases.

Extent of Glycine Crystallization in Frozen SolutionsVVpH
and Annealing Effects

Our interest was to focus in the pH range 3 to 5.9, where
multiple crystalline glycine phases were predominantly
detected. We anticipated that the high sensitivity of SXRD
would permit quantification of glycine phases even at a low
initial solute concentration of 2% (266 mM). Since we also
intended to investigate the effect of annealing, a high cooling

Fig. 7. Histograms displaying the intensities of peaks of b-glycine at different stages of

freezing and annealing. The extent of crystallization of glycine is demonstrated as a

function of initial solution pH: (a) 3, (b) 4, (c) 5 and (d) 5.9. In each case, glycine solutions

(2% w/v) were cooled at 10-C/min from RT to j50-C, held for 15 min, then heated at

5-C/min to j20-C and annealed for 10 min. Asterisk: Sum of the integrated intensities of

the characteristic peaks of b-glycine with d-spacing (Å): 3.15, 3.74, 4.92 (not included in

(a)), 2.87(not included in c and d). Note the pronounced difference in the y-axis scale

between panel (a) and panels (b Yd).

600 Varshney et al.



rate of 10-C/min was chosen. A high cooling rate would
favor retention of glycine in the amorphous state, which
would then crystallize upon annealing. At a fixed cooling
rate, the physical form of glycine in the freeze-concentrate
will be dictated by the initial solution pH (17,27Y29).
Hence, we were able to determine the effect of initial pH on
the glycine phase crystallizing from solution and then
determine the effect of annealing on the extent of solute
crystallization.

In all cases, in addition to hexagonal ice, b-glycine was
detected (Fig. 6). The effect of initial solution pH on the
extent of glycine crystallization is readily evident by
comparing the 2D-SXRD patterns obtained at j50-C
(Frame 1, 4, 7 and 10 in Fig. 6). In Fig. 7, the first bar in
each panel displays the corresponding integrated intensities
of b-glycine peaks. The absolute intensities of the peaks of
hexagonal ice (major phase, not shown in Fig. 7) varied from
sample to sample. Therefore, in the absence of an internal
standard, it is inappropriate to compare the integrated
intensities across samples of different initial pH values. Only
the relative intensities (not shown in Fig. 7) could be
compared.

The effect of annealing is most pronounced when the
initial solution pH was 3. This effect can be discerned by
comparing the 2D-SXRD patterns in frames 1 to 3 in Fig. 6.
There was substantial glycine crystallization when the frozen
solution was heated from j50 to j20-C. However, holding at
the annealing temperature caused a small increase in
crystalline glycine content (Fig. 7a). In contrast, when
solutions of pH 4 and 5 were cooled to j50-C, glycine
crystallization was readily evident. Annealing at j20-C
caused a modest increase in crystalline glycine content.
Starting with initial solution pH of 5.9, there was substantial
glycine crystallization at j50-C, and heating to j20-C and
annealing caused no change in the peak intensities of
glycine.

In all cases, there was no change in the integrated
intensities of peaks of crystalline glycine after annealing for

10 or 20 min. For the sake of clarity, the 2D-SXRD
patterns obtained after annealing for 20 min are not shown
in Figs. 7, 8, 9 and 10. At all pH values, assuming that
annealing causes complete crystallization of glycine, it is
possible to calculate the percent increase in crystalline
glycine due to annealing (Fig. 8a). Annealing solutions of
pH values 5.9, 5.0 and 4.0 resulted in an increase in
crystalline glycine content by 0, 3.0 and 4.1%, respectively.
For glycine solution with initial pH of 3, all of the
crystallization could be attributed to annealing.

Fig. 9. 2D-SXRD patterns (Frame 1 to 9 in a, b, c) of frozen

solutions of glycine and sodium phosphate buffer (initial solution pH

7.4) at different stages of freezing and annealing. In each case, the

initial glycine concentration was 266 mM. The buffered glycine

solutions were cooled at 2-C/ min from RT to j50-C, held for 15

min, then heated at 5-C/min to j20-C and annealed for 10 min.

Selected characteristic lines of b-glycine are marked by (asterisk),

whereas the lines of DHPD are marked by (#). For clarity, these lines

are shown only in the frame 3a and 9a.

Fig. 8. Extent of glycine crystallization upon annealing; (a) over the

initial solution pH range of 3.0 to 5.9; (b) at buffer concentrations of

50, 100 and 200 mM in glycineYphosphate buffer solutions (initial pH

of 7.4). Asterisk:Assuming that annealing for 10 min at j20-C caused

complete solute crystallization (i.e., 100% crystalline glycine).
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Extent of Crystallization of GlycineVVEffect
of Buffer Concentration

Our next interest was to investigate whether changes in
the pH caused by the crystallization of buffer salt could also
affect the extent or polymorphic outcome of crystalline
glycine. We hypothesize that such effects would be evident
at phosphate buffer concentrations Q 50 mM where maximum
crystallization of DHPD or highest pH shifts have been
observed (29,30). In the current study, the effect of annealing
on the extent of glycine crystallization was monitored at
phosphate buffer concentrations of 50, 100 and 200 mM. In a
subsequent investigation (the subject of a future manuscript),
we have evaluated multi-component systems at buffer con-
centrations in the range of 1 to 50 mM.

SXRD permitted simultaneous identification of multiple
crystalline phases. It was also possible to quantify the effect
of annealing on the solute crystallization in the frozen
solutions (Figs. 8, 9 and 10). In all frozen solutions, besides

hexagonal ice, crystallization of disodium hydrogen phos-
phate dodecahydrate (DHPD) and b-glycine was evident
(Fig. 9). As expected, with a decrease in the initial buffer
concentration, there was a decrease in crystalline DHPD
content. This is evident by comparing the 2D-SXRD patterns
in frames 1, 4 and 7 obtained at j50-C (Fig. 9).

The intensities of the 4.92 Å line of b-glycine and 5.42 Å
line of DHPD formed the basis of their quantification (Fig.
10). DHPD crystallization was complete at j50-C. The
crystallization of glycine was inhibited by the phosphate
buffer. This was evident from the increase in crystalline
glycine peak intensity when the temperature was raised from
j50-C to the annealing temperature of j20-C. Interestingly,
holding at j20-C for 10 min did not cause any further
increase in the peak intensities. Phosphate buffer exhibited a
concentration dependent inhibition of glycine crystallization
(Fig. 8b). At buffer concentrations of 200, 100 and 50 mM,
the increase in the crystalline glycine content following
annealing were 34, 31 and 24%, respectively.

Pikal-Cleland et al. had evaluated in detail the effect of
glycine on the pH shift of phosphate buffer during freezing.
At glycine concentrations <50 mM, the pH shift of phosphate
buffer was suppressed, while at glycine concentrations >100
mM, there was more complete crystallization of DHPD.
Moreover, at glycine concentrations e100 mM and at 100 mM
buffer concentration, glycine crystallization was not ob-
served. This conclusion was based on DSC studies wherein
the solutions were cooled to j30-C at 20-C/min. This was
attributed to the possible formation of sodium glycinate
though they were unable to detect it by DSC (14).

In our systems, while maintaining a constant glycine
concentration (266 mM), we have determined the effect of
phosphate buffer concentration, over the range of 50 to 200
mM, on the crystallization of both glycine and DHPD. Our
cooling rate was 2-C/min, and we cooled the solutions down
to j50-C. In order to facilitate solute crystallization, our
systems were also annealed at j20-C for 10 min. The glycine
concentrations in our studies were much higher, and SXRD
enabled direct identification of the phases crystallizing from
solution. As the buffer concentration increased, the extent of
glycine crystallization in the frozen solution decreased. This
was evident from the pronounced increased in the crystalline
glycine content upon annealing (Fig. 10). However, in all
cases, only b-glycine was observed and there was no evidence
of sodium glycinate formation. This is not surprising, consid-
ering the fact that sodium glycinate was observed only from
solutions of pH Q 8 (Table II). The solution phase equilibria of
the different forms of glycine have been elaborated by
Towler et al. (17). Between the pH values of 2.39 and 9.78,
glycine exists in the zwitterionic form. Thus, sodium glycinate
formation is not favored at pH < 7.4. Moreover, with buffer
salt crystallization, the actual pH in the freeze-concentrated
solution is expected to be substantially lower.

SIGNIFICANCE

The effect of initial solution pH, over the range of 1.5 to
10, on the salt and polymorphic forms of glycine crystallizing
in frozen solutions, and upon lyophilization of these solu-
tions, has been systematically demonstrated. In the lyophiles,
in addition to two polymorphic forms of glycine, b- and g-

Fig. 10. Histograms displaying the intensities of peaks of b-glycine

and DHPD at different stages of freezing and annealing. The extent

of crystallization of glycine and buffer salt is shown as a function of

initial solution composition. In the solution the glycine concentration

was 266 mM and the buffer concentration was (a) 200 mM, (b) 100

mM and (c) 50 mM. All the solutions with initial pH of 7.4 were

cooled at 2-C/min from RT to j50-C, held for 15 min, then heated at

5-C/min to j20-C and annealed for 10 min. Asterisk: Sum of the

integrated intensities of the characteristic peaks with d-spacing (Å):

4.92 for b-glycine and 5.42 for DHPD (41,42).
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glycine, three salts, glycine HCl, diglycine HCl, and sodium
glycinate were identified. Importantly, in the pH range of 3Y5,
binary mixtures of glycine polymorphs, glycineVdiglycine HCl
and ternary mixture of glycine polymorphs and diglycine HCl
were obtained. The use of synchrotron radiation allowed the
unambiguous identification of the multiple crystalline phases.

As the initial solution pH (unbuffered systems) decreased
from 5.9 to 3, there was a dramatic decrease in glycine
crystallization in the frozen system. The crystallization of
glycine on annealing was monitored in situ , in the
synchrotron beamline. In phosphate buffered solutions, our
results provided an indirect measure of the pH shift in the
freeze concentrate when it was cooled to j50-C. The se-
lective crystallization of DHPD is reported to shift the pH
towards the acidic side, by 2Y3 units, from the initial pH of
7.4. As the buffer concentration is increased, the shift is more
pronounced (4,24,25). Taking the 50 mM phosphate buffered
system as an example (Figs. 8b and 10), the glycine
crystallization was incomplete when the solutions were
cooled to j50-C. There was a pronounced increase in the
crystalline glycine content when the system was heated to the
annealing temperature. The pH shift in the freeze-concentrate
could explain this incomplete glycine crystallization. The pH
shift is also supported by the crystallization of DHPD (Fig.
10). As the buffer concentration was increased, first to 100
and then to 200 mM, the more pronounced pH shift is
expected to result in more incomplete glycine crystallization.
This was manifested by the increase in crystalline glycine
content following annealing (Figs. 8b and 10).

While the glycine-phosphate buffer was used as a model
system, SXRD can be utilized to detect solute crystallization
and to evaluate extent of crystallization of other bulking
agents and buffer salts of pharmaceutical interest. Although
no API was utilized in our study, the presence of crystalline
or amorphous API (e.g., protein) can influence the form and
extent of crystallization of glycine and/or buffer salts during
freeze-drying cycle. SXRD is particularly useful for the
characterization of multi-component systems with several
crystalline phases. Moreover, the entire freeze-drying cycle
can be carried out in the sample chamber and phase
transitions during each stage of the process can be monitored.
Therefore, high sensitivity of SXRD, coupled with the in situ

freeze-drying technique, can enable the development of
robust freeze-dried formulations. We are currently investi-
gating the utility of SXRD to study such systems, and
specifically protein formulations.

CONCLUSIONS

The pH and solute concentration of the solutions prior
to lyophilization affected the salt and polymorphic forms of
glycine crystallizing in frozen solutions and in lyophiles. The
extent of glycine crystallization in frozen solutions was
influenced by the pH and phosphate buffer concentration.
Synchrotron XRD is a useful tool for simultaneous detection
and quantification of multiple crystalline phases.
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