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ABSTRACT

Purpose: To study the phase behavior of tris buffer during freeze and thawing and monitor the

resulting pH changes.

Methods: Tris buffer, at concentrations of 10 mM and 100 mM, and room temperature pH values
(pHo) of 7.3, 8.0 and 8.8 are studied. The phase behavior of tris buffers under subambient
conditions was characterized by thermal (differential scanning calorimetry, DSC), spectroscopic
(UV-Vis spectrophotometer) and X-ray diffractometric (synchrotron X-ray diffractometry, SXRD)
techniques. Cresol red (CR) was added as the pH indicator to measure the pH of frozen tris

solutions.

Results: According to the DSC results, (i) both tris base and tris HCI crystallized during freeze
thawing. (ii) Compared with tris base, tris HCI exhibited a higher crystallization propensity. (iii)
The crystallization of tris HCI was more pronounced at higher solute concentrations. (iv) As the
concentration of tris base increased (i.e., higher pH), there was more pronounced inhibition of tris
HCI crystallization. In other words, tris base exhibited a concentration dependent inhibition of tris
HCI crystallization. SXRD results confirmed that at subambient conditions, tris HCI has a
substantially higher crystallization propensity than tris base. Its crystallization was often observed
during heating. In the current study of buffers with pHo 7.3, 7.5, and 7.9, the increase in Hammett
Acidity function (Hx) is ~ 0.3 to 0.4 unit per 10 °C decrease, possibly indicating that the positive
pH shift of tris buffer at subambient conditions is attributable to increasing pKa rather than tris

HCI crystallization.
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Conclusion: Tris base exhibited a concentration dependent inhibition of tris HCI crystallization.
The positive pH shift of tris buffer at subambient conditions is attributable to increasing pKa rather

than tris HCI crystallization.
Keywords

tris buffer, phase behavior, pH, freeze thawing, differential scanning calorimetry, UV-Vis

spectroscopy, pH indicator dye, cresol red, Synchrotron X-ray diffractometry
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INTRODUCTION
Tris(hydroxymethyl)aminomethane (tris)-hydrochloride (HCI) buffer system

A variety of diseases including cancers and chronic conditions such as arthritis, asthma
and psoriasis are treated with protein pharmaceuticals . Proteins, before they are formulated into
dosage forms, are often stored as solutions. The solutions are often buffered and may also contain
sodium chloride and other solutes. Histidine, phosphate, citrate, tris, and succinate buffers are the

most commonly used buffer systems in protein formulations 2.

Protein solutions, in light of their degradation propensity, are often transported as well as stored in
the frozen state.® However, when frozen, because of ice crystallization, there will be a pronounced
increase in the solute concentration as well as the ionic strength in freeze-concentrate. There is
also the possibility of selective crystallization of a buffer component leading to alteration in

solution pH values. All these factors can lead to the destabilization of the drug substance 4.

In this study, we will focus on the tris(hydroxymethyl)aminomethane (tris base) and
tris(hydroxymethyl)aminomethane hydrochloride (tris HCI) buffer system. Tris buffer is widely
used in numerous biopharmaceutical products, such as YERVOY® (ipilimumab, Bristol-Mysers
Squibb) and LEUKINE® (Sargramostim, Sanofi) ®- 7. It is also used in the novel mMRNA COVID-

19 vaccine developed by Pfizer/BioNTech and Moderna 8.

Tris base is a weak base (B) and its ionization is brought about by its acceptance of a proton to
form the conjugate cation acid (BH*) (Equation 1; Figure 1). The equilibrium constant (also

referred to as acid dissociation constant, Ka) is expressed in Equation 2.

BH* + H,0 = B+ H;0" (1a)
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Figure 1. lonization behavior of tris(hydroxymethyl)aminomethane hydrochloride in aqueous
solution. The pKa value of tris(hydroxymethyl)aminomethane hydrochloride is 8.1 at 25 °C °,

[H*][B]

Ka = [BH+] (2)

Based on the pKa and ratio of tris base (B) to tris HCI (BH*), the pH value of the buffer solution

can be calculated using the Henderson-Hasselbalch equation (Equation 3).

= _[Bl
PH = pK, +log=rn (8)
Tris buffer is chemically stable and compatible with most proteins and other biomolecules. It is
suitable to buffer solutions over the pH range of 7 ~ 9 which is £ 1 unit of the acid dissociation

constant (pKa) of the buffer (Figure 1) .

Although tris buffer is chemically stable, its pKa is highly temperature dependent, when solutions
buffered with tris are cooled, there is a potential for pH shift. This effect can induce product
destabilization during processing where the drug substance undergoes substantial changes in
temperature (e.g., freezing and freeze drying). Considering buffer salts with amino groups (e.g.,
tris), their pKa were sensitive to temperature and elevated as the temperature decreases **. The Ka
of a buffer system, as a function of temperature, is explained by the extended van’t Hoff equation

(Equation 4).

_ AHl—TlACpl i _ i ACp1 E
InK, = S5 (T1 Tz) +=E1n (Tl) +InK, (@
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where K1 and Kz are the acidic dissociation constants at temperatures T1 and Tz, respectively, ACp,
is the heat capacity change at T1, AHz is the change of enthalpy of ionization at T1, and R is the

ideal gas constant. It is assumed that ACp, and AH1 are temperature independent.

Based on the ACp, of -59 J/(K-mol) and AH1 of 47.45 kJ/mol (at T1, or 25 °C) from Goldberg et
al., the acidic dissociation value of tris buffer is highly temperature dependent, resulting in ~ 0.41
units of pKa increase as temperature decreases every 10 °C 10, Kolhe et al. reported that a 20 mM
tris solution exhibited 0.22 unit increase in pH for every 10 °C decrease in temperature 2. There
is a difference between the calculated pKa value based on the extended van’t Hoff equation and
the experimental pH values, the degree of ionization of tris is more sensitive to temperature than

many other compounds **.

When the buffer solution is cooled, selective crystallization of a buffer component can cause a
pronounced pH shift and induce protein denaturation. For example, during freezing, the
crystallization of disodium phosphate dodecahydrate resulted in up to 4 units of reduction in pH
and induced aggregation of bovine serum albumin and B-galactosidase 2. In tris buffer, both tris
base and tris HCI could crystallize at subambient conditions, as evident from crystallization at -27
and -39 °C and eutectic melting at -6 and -13 °C of the base and salt, respectively 4. Although tris
buffer did not exhibit a substantial pH shift upon freezing, such a conclusion was based on pH
measurement up to -30 °C 2. It was not possible to evaluate the effect of tris buffer salt
crystallization on solution pH at lower temperatures - 30 °C . For example, during the freezing
stage of lyophilization (up to -50 °C) and frozen storage (up to -80 °C). Thus, we wish to
comprehensively characterize the phase behavior of frozen tris buffer, and study the effect of

buffer salt crystallization, if any, on solution pH value.



pH indicator dye: Cresol Red

Since the crystallization of tris base and tris HCI was observed at -27 and -39 °C, respectively, the
low temperature pH probe was deemed unsuitable for the comprehensive study of pH shift induced
by buffer salt crystallization 4. Thus, to understand the impact of tris buffer salt crystallization on
solution pH, cresol red (CR), a pH sensitive indicator dye (Figure 2.), was used to measure the
“pH” of frozen tris buffer solutions. CR belongs to the class of 2,1-benzoxathioles and both
hydrogens at position 3 are substituted by 4-hydroxy-5-methylphenyl groups *°. CR can be used
to determine pH at the ranges of ~ 0 to 3.1 and ~ 6.2 to 10.2, which are + 2 units of the pKa of the
indicator dye (pKa!= 1.1 and pKa? = 8.2) 6. It can be used in the pH (or acidity) measurement of
liquid, frozen and solid samples 6. The three forms of CR in aqueous solutions, all have
zwitterionic structures with conjugation systems that exhibit different UV-Vis maximum
absorbance wavelengths (Amax) are shown in (Figure 2) 7. To make the discussion easier, the three
forms of CR at 518, 434 and 573 nm are referred to as H2CR (doubly protonated), H(CR)" (singly
protonated) and (CR)? (deprotonated) (Figure 2). Since the pKa? of CR (8.2) is close to the pKa
of tris base (8.1), it can be a desirable indicator dye to study any potential pH shift in the tris buffer
solution. However, it should be noted that the pKa? of CR is also temperature dependent 6.
However, the change in the pKa? is not considered substantial. For example, it increases from 8.70

to 8.96 as the temperature reduces from -20 to -40 °C.
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Figure 2. Structures of the three forms of CR in an aqueous solution (top) and absorbance (A)
spectra of the three forms of CR in aqueous solution (bottom). H2CR is a doubly protonated form
of CR, H(CR)  is a singly protonated form of CR, and (CR)? is a deprotonated form of CR 1617,



STRATEGIES AND HYPOTHESES

Based on our discussion in the previous section, we hypothesize that the change in the pKa and the
buffer salt crystallization could lead to pH shift in the frozen tris buffer solution. For this project,

our working hypotheses are:

0] In a buffer solution with an initial pH < pKa, the conjugated acid (BH*) was the
predominant species. Upon cooling, the crystallization of the conjugated acid, in other
words, tris HCI, would lead to an increase in pH. Combined with the increased pKa
value at low temperatures, the crystallization of tris HCI is expected to induce a
substantial elevation in pH.

(i) On the other hand, tris base (B) is the predominant species in the buffer solution at an
initial pH > pKa. Upon cooling, tris base crystallization, if any, can result in a decrease
in pH, which potentially counteracts the increase in pKa at low temperatures. Thus, a
substantial change in pH is not expected.

(iii)  For a buffer solution prepared at a pH close to its pKa, the concentrations of the base
and conjugate acid are approximately the same. Thus, in the frozen solution, the pH
shift is dependent on the increased pKa and the relative crystallization propensities of
the tris base and tris HCI. We hypothesize, that the increase in pKa will be the dominant
factor governing the increase in pH of the frozen solution.

Although in the previous studies, pH shift in tris buffer at subambient conditions was not
substantial, we aim to further understand the effect of buffer species (salt or acid) crystallization
on the pH of the frozen solution, and its interplay with the change in pKa as a function of

temperature 13, The phase behavior of frozen aqueous solution was characterized by differential
6



scanning calorimetry (DSC) and synchrotron X-ray diffractometry (SXRD). The indicator dye,

cresol red was added to the buffer solution, and the pH was measured using UV-Vis spectroscopy.

MATERIALS AND METHODS

Materials

Tris base (MW 121.14 g/mol; assay > 99.8 %; Fisher BioReagents™), tris HCI (MW 157.60 g/mol;
> 99 %; Sigma-Aldrich), hydrochloric acid (HCI) 36.5 - 38.0% (VWR International), and cresol
red (CR; MW 382.43 g/mol; 96.5%; Chem-Impex International, Inc.) were obtained and used as
received. Tris buffers at 10 mM and 100 mM concentrations were prepared by dissolving the
required amount of tris base in water. Hydrochloric acid (100 mM) was used to titrate the solution
until the desired pH value was reached. Solutions of 100 mM tris base (pH 10.5 at RT) and 100

mM tris HCI (pH 5.4 at RT) were also prepared.
CR (0.055 mg) was added to 100 mL of each tris solution to result in a final dye concentration of
~1.4x10°M.

Table 1. The composition of the tris buffer solutions.

pH Value* Buffer concentration
7.3 10 to 300 mM
8.0 10 and 100 mM
8.8 10 and 100 mM

*pH measured at RT using Orion Star™ A211 Benchtop pH Meter, Thermo Scientific™.,



Methods
Differential scanning calorimetry (DSC)

A differential scanning calorimeter (DSC) (Q2000, TA Instruments, New Castle, DE), with dry
nitrogen gas purged at 50 mL/min, was used. A refrigerated cooling accessory was attached to the
DSC. In the first set of studies, approximately 20 mg of solutions were weighed in an aluminum
pan, sealed hermetically, equilibrated at 5 °C for 5 minutes, and then further cooled to -80 °C and
equilibrated for 15 minutes. The frozen solutions were heated to 20 °C at 1 °C/min. In another set
of studies, approximately 20 mg of solution were weighed in an aluminum pan, sealed hermetically,
equilibrated at 5 °C for 5 minutes, cooled to -50 °C and equilibrated at -50 °C. for 15 minutes. The
frozen solution was first heated to -20 °C at 1 °C/min and held isothermally for 8 hours and then
heated to 20 °C at 1 °C/min. The crystallization onset temperature (Tc) is reported. The glass

transition temperature (Tg) is reported at the transition midpoint.
Synchrotron X-ray diffractometry (SXRD)

The 17-BM-B (sector 17; Advanced Photon Source, Argonne National Laboratory, IL, USA)
beamline was used. Sample solutions were first cooled from room temperature (RT) to -40 °C,
held for 15 min, and then heated back to 5 °C at 2 °C/min. A monochromatic X-ray beam with
wavelength (1) of 0.45171 A and beam size 300 pm x 300 pm, and a two-dimensional (2D) area
detector (XRD-1621, Perkin Elmer) were used. A V-shaped sample holder taped with
Kapton® was used to hold 100 uL of the sample solution and a Cryostream 700 plus system
(Oxford Cryosystems Ltd, Oxford, UK) was used for cooling 8. By using the sample holder
without any solution, the background signal was obtained. A GSAS-II software (Edgewall

Software) was used to convert the 2D X-ray patterns.
8



Low temperature pH measurement

The sample solution (3 mL) was placed in a glass UV cuvette and cooled using a benchtop freeze-
dryer (VirTis AdVantage, Gardiner, NY). The solutions were first cooled from RT to —40 °C and
heated to predetermined temperatures (-40, -30, and -20 °C). The heating and cooling rate was
1 °C /min. At -40, -30, and -20 °C, the frozen buffer solution was removed from the freeze-dryer
and the absorbance was measured using a UV-Vis spectrophotometer (Cary 100 UV-Vis, Agilent

Technologies).

(=]
~

o
(22}

relative abundance
o o
o (4

Figure 3. The calculated relative abundance profiles of three CR forms (H2CR in blue, H(CR)  in
green and (CR)? in red) at room temperature as a function of pH 7.

The speciation of cresol red (CR) has been described by Heger et al (Figure 3) . It is evident
that at pH 4.5 and 11.5 at RT, the highest relative abundance of H(CR)- and (CR)? respectively
were observed (Figure 3) 7. The aqueous CR red solutions of pH values 4.5 [(H(CR)] and 11.5
[(CR)?] at RT were obtained by titrating with 10 mM HCI or 10 mM NaOH, respectively. The
use of the two reference indicator spectra, in the non-negative function of the linear least square
regression (Isqnonneg function in MATLAB; Script S9), to calculate the pH values of the

solutions is described below 16.



The UV-Vis spectra of the tris buffer solutions containing CR (1.4x10° M) in frozen state were

collected in a spectrophotometer (Cary 100 UV-Vis, Agilent Technologies) directly after removal
from freeze-dryer (LyoStar 3, SP Scientific, Warminster, PA). Likewise, the absorbance of the

solutions was determined. The compositions of the systems studied are provided in Table 1.

In this context, it is instructive to introduce the Hammett acidity function (Hx), which is designed
to measure the acidity of both dilute and concentrated solutions °. This is accomplished by
studying the ionization of neutral acidic indicator molecules (Equation 5) 6. The equation has

been modified for the indicator of interest (cresol red) *€:

C(CR)Z_

Hy = pKa, crR T log (5)

CH(crR)~
In the above equation, C(cr)® is the concentration of (CR)%, CHcr)” is the concentration of H(CR)",
and pKa, cr is the acidity constant of the cresol red in dilute aqueous solution 6. After CR is added

to the solutions, in the pH range of 7 to 10, the singly pronated form H(CR)", and the deprotonated

(CR)*form could be observed in the spectrum. In dilute solutions, the activity coefficient is close

to one, and pH equals to Hx °.

The linear least square regression function (Isqnonneg function) was used to calculate the relative
concentrations of H(CR)" (labeled as B) and (CR)? (labeled as C) forms of the indicator labeled
respectively as b and c in the equation. The sample spectrum is labeled as X. Using the values of
b, ¢, and the corresponding pKa of CR at the temperature, Equation 6, will provide the value of

Hx 16,

yos0mm (Bb+Cc—X)2=min (6)

10



RESULTS AND DISCUSSION
DSC results

During the cooling of all the pure tris solutions, ice crystallized in the temperature range of -15 to
-30 °C. While tris base solutions (both 500 and 100 mM) did not reveal solute crystallization
(Figure 4a), the exotherm at ~ -30 °C observed in the tris HCI solution (broad peak) could be
attributed to solute crystallization (Figure 4b). Upon heating the above frozen solutions, the 500
mM tris base solution showed a glass transition event at ~ -60 °C (Figure 4c). This is referred to
as Tg’, the glass transition temperature of the freecze-concentrate. This was lower than the reported
value of -51 °C . It must be pointed out that Chang et al. used a cooling rate of 200 °C/min and
a heating rate of 10 °C /min 4. The exotherm at -41 °C is attributable to the solute crystallization
(tris base) and the accompanying unfrozen water. The endotherm at ~ -6 °C was the tris-water
binary eutectic melting . During heating of frozen tris HCI solution, no glass transition event was
observed. This was not surprising since substantial solute crystallization was observed during
cooling. In the 100 mM tris HCI solution, an exotherm was detected at -54 °C (Figure 4d),
suggesting additional solute crystallization during heating. Finally, the eutectic melting of tris HCI-
water binary mixture was observed at ~ -14 °C (Figure 4d). The measured eutectic melting

temperatures of tris base and tris HCI are in excellent agreement with the reported values 4,

11
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Figure 4. DSC cooling curves of aqueous solutions of (a) tris base and (b) tris HCI. The results of
solute concentrations at 500 and 100 mM are shown in green and blue, respectively. The solutions
were cooled from room temperature (RT) to -80 °C at 1 °C/min. The relevant heating curves of
aqueous tris base and tris HCI solutions are shown in panels (c) and (d), respectively. The frozen
solutions were heated from -80 to 20 °C at 1 °C/min.

For the tris solutions (both 10 and 100 mM) buffered to pH values of 7.3, 8.0 and 8.8 at RT, no
solute crystallization was observed during cooling (Figure S1). During heating, neither solute
crystallization nor eutectic melting was detected in the buffer solutions with initial pH values of
8.0 and 8.8. However, the 100 mM tris buffer solution with an initial pH of 7.3 revealed an
exotherm at -49 °C followed by eutectic melting at ~ -15 °C (Figure 5). Since the tris HCl-ice
eutectic temperature is -14 °C, the exotherm at -49 °C is attributed to the crystallization of tris HCI.
Thus, in the 100 mM buffer solution (initial pH 7.3), the crystallization of tris HCI is observed not

during cooling but during heating of the frozenlszolution. This is in contrast to the behavior of the



‘as is” tris HClI solution (both 10 and 100 mM), wherein solute crystallization was observed during
cooling (Figure 4b). When the buffer concentration was reduced to 10 mM (initial pH 7.3), there
was no evidence of solute crystallization either during cooling or heating (Figure 5). However,
solutions of both the concentrations (10 and 100 mM; initial pH 7.3), revealed eutectic melting at
~-15 °C (Figure 5). Thus, we believe that at 10 mM buffer concentration, the solute crystallization
is likely to have occurred over a wide temperature range, so it was not detectable by DSC.
However, the eutectic melting endotherm is indirect evidence of solute crystallization. Notably,
the eutectic melting temperatures observed in the buffer solutions were lower than that in pure tris

HCI solution (-14 °C; Figure 4d).

The eutectic melting enthalpy of 100 mM tris HCI was 8.4 J/g (Figure 4d). For the sake of this
discussion, we will assume the complete crystallization of tris HCI in the frozen solution. In the
tris buffer of the same concentration (pH 7.3 at RT), the eutectic melting enthalpy was 5.2 J/g
(Figure 5b). The pKa of tris at -15 °C is calculated, using the extended van’t Hoff equation, to be
9.4. At this temperature, the pH of tris buffer solution was determined to be 8.3 2. Using the
Henderson-Hasselbalch equation, the fraction of tris HCI was calculated to be 0.92. If we again
assume complete crystallization of tris HCI, the expected enthalpy value is 7.9 J/g. Since the
observed melting enthalpy in the tris buffer solution (5.2 J/g) was lower than the calculated value

(7.9 J/g), we speculate that the tris (base) inhibits the crystallization of tris HCI in frozen solutions.
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Figure 5. DSC heating curves of (a) 10 and (b) 100 mM tris buffer solutions. The pH values of
the buffer solutions are pH 7.3* (green), 8.0* (blue) and 8.8* (brown). The solutions were initially
cooled from room temperature to -80 °C, held for 15 minutes and then heated to 20 °C. Both the
heating and cooling rates were 1°C/min. Only the final heating curve is shown. The DSC cooling
curve is in the appendix (Figure S1). * pH measured at room temperature.

In order to investigate this further, ‘as is’ tris HCI and tris buffer (initial pH 7.3) solutions were
prepared, over a concentration range of 10 to 300 mM, and the DSC results were compared (Figure
6). Tris buffer solutions (pH 7.3 at RT, over the concentration range of 10 to 300 mM) did not
reveal solute crystallization upon cooling (Figure 6a). On the other hand, solute crystallization at
~-30 °C was observed in the DSC cooling curves of pure tris HCI solution at concentrations > 100
mM (Figure 6b). Upon heating the frozen solutions, tris buffer, at concentrations > 100 mM,
exhibited solute crystallization at ~ -50 °C (Figure 6c). Irrespective of concentration, eutectic
melting at ~ -15 °C, was observed (Figure 6¢). When the tris HCI was heated, only eutectic melting
was observed at ~ -14 °C) (Figure 6d). The eutectic melting temperatures of the buffer solutions
(-15 to -16°C) were consistently lower than those of pure tris HCI solution (-13 to -14 °C) (Figure
6¢, d). This depression in the eutectic melting temperature is indicative of the presence of

amorphous solute(s) in the system. In the compositions investigated, we have observed that: (i) the
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tris base does not crystallize from solution, and (ii) the amorphous tris base partially inhibits the

crystallization of tris HCI.
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Figure 6. DSC cooling curves of (a) aqueous solutions of pH 7.3* tris buffer and (b) tris HCI. The
results of solute concentrations at 500, 300, 200, 100, 50 and 10 mM are shown in green, blue,
brown, pink and cyan blue. The solutions were cooled from room temperature (RT) to -80 °C at
1 °C/min. The relevant heating curves of aqueous pH 7.3 tris buffer and tris HCI solutions are
shown in panels (c) and (d), respectively. The frozen solutions were heated from -80 to 20 °C at
1 °C/min. *pH measured at RT.

In order to examine this further, the eutectic melting enthalpy obtained as a function of solute

concentration was plotted. The eutectic melting enthalpy of both tris HCI and tris buffer increased,

almost proportionally, as a function of total solute concentration (Figure 7). However, the eutectic

melting enthalpy of the buffer solutions was lower than that of pure tris HCI solution. We had
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pointed out earlier that, in the buffer solution, 92% of the buffer existed in the ionized form (i.e.
tris HCI). The ‘theoretical eutectic melting enthalpy’ values at each concentration were calculated
(grey triangle in Figure 7). However, the experimentally observed enthalpy values (green diamond)
were consistently lower than the calculated values. The reduction of eutectic melting enthalpy
suggests that tris HCI crystallization was inhibited, at least partially, by tris base. As the buffer
concentration increased, the inhibitory effect became more pronounced. The eutectic melting
values should be viewed with caution. There was an overlap of the eutectic and ice melting

endotherms (Figures 6¢ and 6d). However, we believe that the observed trends are real.

30

e tris HCI solution

+pH 7.3 tris buffer solution
25
Theoretical eutectic melting enthalpy of pH 7.3 tris buffers

20 »

Eutectic melting enthalpy (J/g)

0 50 100 150 200 250 300
Solute Concentration (mM)

Figure 7. Eutectic melting enthalpy of the frozen aqueous tris HCI (red circle) and tris buffer (pH
7.3) * solutions (green diamond). The gray triangles represent the theoretical melting enthalpy of
pH 7.3 buffer solutions. It is based on the assumption that all the tris HCI (92% of the buffer exists
in the ionized state at this pH) crystallizes from solution, while the tris base (8%) is retained
amorphous. *The pH of the buffer solution was measured at RT.

In an effort to understand this observation, the enthalpy difference (%) between the eutectic
melting enthalpy of tris buffer and the ‘theoretical value” was plotted against solute concentration

in Figure 8. As solute concentration increases,1t6he enthalpy difference (%) between the eutectic



melting enthalpy of tris buffer and that of ‘theoretical value’ generally increases. Thus, the
reduction of eutectic melting enthalpy suggests that tris HCI crystallization was inhibited, at least

partially, by tris base.
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Figure 8. Enthalpy difference (%) between the eutectic melting enthalpy of pH 7.3* buffer and
the theoretical value (details in Figure 7). It is based on the assumption that all the tris HCI (92%
of the buffer exists in the ionized state at this pH) crystallizes from the solution, while the tris base
(8%) is retained amorphous. *The pH of the buffer solution was measured at RT.

According to the DSC results, (i) both tris base and tris HCI crystallized during freeze thawing. (ii)
Compared with tris base, tris HCI exhibited a higher crystallization propensity. (iii) The
crystallization of tris HCI was more pronounced at higher solute concentrations. (iv) As the
concentration of tris base increased (i.e., higher pH), there was more pronounced inhibition of tris
HCI crystallization. In other words, tris base exhibited a concentration dependent inhibition of tris

HCI crystallization.
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Synchrotron X-ray diffractometry (SXRD)

The phase behavior of tris buffer solutions at subambient conditions was further investigated by
X-ray diffractometry using synchrotron radiation. The solutions were first cooled to -40 °C and

then heated to 5 °C. The diffraction patterns are shown in Figure 9 - 11, S2- 6.

When a solution of tris HCI (100 mM) was cooled, solute crystallization was evident at -40 °C
(Figure 9). When the solutions were heated, there was further solute crystallization at -35 °C,
evident from the increase in peak intensities. At -15 °C, the diffraction peak attributed to crystalline
tris HCI disappeared, which was in excellent agreement with the eutectic melting temperature (-

14 °C) measured using DSC (Figure 6d).

Under these experimental conditions, the hexagonal (In) and cubic (Ic) forms of ice are expected?°.
However, the crystal forms in the current study were highly variable and cannot be attributed to
either In or Ic forms of ice. In the current cooling setup, the inhomogeneous cooling, and the
pronounced supercooling are likely responsible for the run-to-run variability in the crystal forms
of ice 2. Similar observations were also revealed in studies from our group (Li et. al., unpublished
work). However, ice phase transformation was not detected during a single freeze thawing cycle,

which facilitated the unambiguous characterization of solute crystallization if any.
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Figure 9. SXRD patterns of tris HCI (100 mM) solution during freezing and heating. The solution
was cooled from room temperature to -40 °C, held for 15 min, and then heated to 5 °C. The
crystalline peaks of tris HCI are highlighted with “#”. The results collected using synchrotron
radiation (0.45171 A) were converted to Cu Ka radiation (1.54 A) to facilitate ready comparison
with published data. The reference X-ray patterns of tris base and tris HCI were obtained from the
Cambridge Structural Database (Refcode: THXMAMZ15 and TRISHC10).

10

During the cooling of 100 mM tris base solution, the crystalline phase of tris base was not observed
(Figure 10). Upon heating, tris base crystallized at -25 °C, at a temperature higher than in the DSC
(-41 °C). This discrepancy could be attributed to both differences in sample geometry and the
experimental conditions. The diffraction peaks of tris base completely disappeared at -5 °C, which

is in excellent agreement with the eutectic temperature of -6 °C determined by DSC (Figure 4c).
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Figure 10. SXRD patterns of 100 mM tris base solution during freezing and heating. The solution
was cooled from room temperature to -40 °C, held for 15 min, and heated to 5 °C. The crystalline
phase of tris base was highlighted with “*”. The results collected using synchrotron radiation
(0.45171 A) were converted to Cu Ka radiation (1.54 A) to facilitate ready comparison with
published data. The reference X-ray pattern of tris base was obtained from the Cambridge
Structural Database (Refcode: THXMAML15).

When the tris buffer solution (100 mM, initial pH 7.3) was cooled, there was no solute
crystallization. On heating, crystallization of tris HCI was observed at -32 °C (Figure 11). In our
DSC studies, there was no evidence of solute crystallization (Figure 5b). While the tris HCI peaks
were observed up to -12 °C, they disappeared at -10 °C (eutectic melting). At a lower buffer
concentration (10 mM), in the DSC, solute crystallization was revealed by the eutectic melting
(Figure 6d). In SXRD, peaks attributable to tris HCI were not observed (Figure S2). The absence
of solute crystallization during the freeze thawing of buffer solutions with initial pH values of 8.0

and 8.8 agreed with the DSC results (Figure 5; SXRD Figure S3 - 6).
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Figure 11. Synchrotron XRD of 100 mM tris HCI buffer (pH 7.3)* during freezing and heating.
The solution was cooled from room temperature to -40 °C, held for 15 min, and heated to 5 °C.
The crystalline phase of tris HCI was highlighted with “#”. The results collected using synchrotron
radiation (0.45171 A) were converted to Cu Ka radiation (1.54 A) to facilitate ready comparison
with published data. The reference X-ray pattern of tris HCI was obtained from the Cambridge
Structural Database (Refcode: TRISHC10). * pH measured at room temperature.

Based on the DSC and SXRD results, at subambient conditions, tris HCI has a substantially higher

crystallization propensity than tris base. Its crystallization, which was often observed during

heating, is expected to cause a pronounced increase in solution pH value. The positive pH shift

can be further exacerbated with the increase in the buffer pKa. Therefore, our next step was to

measure the “pH” of frozen tris solutions during heating, at predetermined temperatures (-40, -30,

and -20 °C).
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Low temperature pH measurement

In order to measure the pH of frozen tris solutions, cresol red (CR) was added as the pH indicator.
The three forms of the dye, H2CR, H(CR)  and (CR)?#, exhibit absorbance maxima at 518, 434 and
573 nm respectively. However, since the pH of buffer solutions ranged from 7.3 to 8.5, only the
absorbance peaks attributed to H(CR) and (CR)? can be detected (within + 2 units of the second
pKa (8.2) of the dye). The peak positions of the above two forms of CR were not substantially
influenced by temperature (Table S11). As the ratio of H(CR) and (CR)? decreased, the pH of
the buffer solution increased (Figure 12). Such a change in the UV spectrum can be used to
quantitively evaluate the potential pH (or acidity function, Hx) increase as a result of either tris

HCI crystallization or increase in the pKaof the buffer systems during freeze thawing.

@ N\ = o = | ©

Figure 12. Fitting of UV-Vis spectra of tris buffer (pH = 7.3, 7.9 and 8.5)* containing 0.055 mg
cresol red (CR). The reference spectra of H(CR)™ and (CR)? (blue and green lines, respectively)
were obtained from the absorbance measurements of the solutions of pH 4.5 and 11.5 containing
the same concentration of the dye. The spectra of the sample solutions are shown in black. The
fitted curve is shown as red dashed line which is the sum of the two reference spectra. The fitted
and the experimental data are in excellent agreement. The spectra of tris solutions at pH 7.3, 7.9
and 8.5 (at RT) are shown in panels (a), (b) and (c) respectively. *pH measured at room
temperature.

The measured Hx values of buffer solutions are summarized in Table 2. The pHo values of buffers
obtained using UV-Vis spectra and acidity function match the results obtained by using a pH meter.
Compared with pHo, all the frozen buffer solutions exhibited a positive pH shift. For the solution

with pHo of 7.3 and 7.5, the increase in Hx value was more pronounced at lower temperatures. A
22



similar effect was also observed in pH 7.9 buffer solution (100 mM). However, for solutions with
a higher initial pH (pHo 8.5), the pH increases in the frozen solutions resulted in the absence of the
H(CR) peak in their UV spectra. This means the Hx value possibly exceeded the detection limit
of the dye (Hx >10.2). Based on the SXRD results, the crystallization of tris HCI was initiated upon
cooling to -32 °C and continued during heating until its eutectic melting at -10 °C (Figure 9). We
will begin the discussion with the assumption that the temperature dependence of the buffer pKa
was not playing a major role in the pH shift. In that case, the progressive crystallization of tris HCI
is expected to cause a continuous increase in the pH during heating. The pH increase (expressed

as Hx — pHo) as a function of heating temperature is evident from Figure 13.

Table 2. Initial pH (pHo) of tris buffer solutions at RT and their acidity function (Hx) at different
temperatures during heating of the frozen solution.

Concentration pHo Hx (at -40 °C) Hx (frozen solution Hx (frozen solution
heated to -30°C) heated to -20 °C)
10 mM 7.3 9.0 8.9 8.3
100 mM 7.5 9.2 8.9 8.4
10 mM 7.9 9.2 8.9 8.6
100 mM 7.9 9.5 9.0 8.8
10 mM 8.5 9.5 >10.2* 8.9
100 mM 8.5 >10.2* 9.3 >10.2*

*Qutside the detection limit of the dye

Figure 13 summarizes the pKa changes and pH shift (Hx — pHo) of tris buffer solutions.
Surprisingly, the positive pH shift was more pronounced at lower temperatures, suggesting that
the “additional” buffer salt crystallization during heating did not have a pronounced effect. In
addition, the buffer concentration and pHo did not have a pronounced effect on the pH shift (Figure

13a and b). As we discussed earlier, the pKa of tris buffer system is highly temperature dependent
23



(theoretically +0.41 unit per 10 °C decrease in temperature). The change in pKa, may mask the
effect of buffer salt crystallization. In the current study of buffers with pHo 7.3, 7.5, and 7.9, the
increase in Hxis ~ 0.3 to 0.4 unit per 10 °C temperature decrease, possibly indicating that the
positive pH shift of tris buffer at subambient conditions is attributable to increasing pKa rather than
tris HCI crystallization. Trend lines were labeled in Figure 13 to describe the approximately linear

relationship between the pH shift and temperature of both buffers and the pKa values of the buffer.
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Figure 13. pH shift (Hx — pHo) and pKa (blue circle) at -40, -30 and -20 °C during heating. The
results of 10 mM pH 7.3* (black square) and 100 mM pH 7.5* (red triangle) tris buffers are shown
in panel (a). Panel (b) reveals the pH shift of 10 mM (black square) and 100 mM (red triangle) pH
7.9* tris solutions. Linear trendline of pKa (blue dash line), 100 mM pH 7.5* (red dash line), and
10 mM pH 7.9* (black dash line) tris buffers were shown with equation and R2. *Initial pH at RT.
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Effect of annealing on the solute crystallization in tris buffers

Although tris HCI crystallization was not the key factor responsible for the pH shift during freeze
thawing, the buffer salt crystallization may occur during isothermal frozen storage (annealing),
resulting in an additional pH shift. Thus, an annealing step (-20 °C, 8 h) was conducted to induce
buffer salt crystallization. The annealed frozen solutions were cooled back to -50 °C, and the
second heating curves are shown in Figures 14 and S7, 8. In solution buffered to pHo 8.0 (both 10
and 100 mM), annealing resulted in the appearance of an endotherm at ~ -14 °C, which is attributed
to the eutectic melting of crystalline tris HCI (Figures 14a and 14b). Thus, annealing caused the
crystallization of tris HCI. In solution buffered to pHo 7.3 (10 and 100 mM), the eutectic melting
enthalpy was not substantially changed after annealing, indicating that the crystallization of tris
HCl was possibly complete during the first freeze thaw cycle (Figures 13c and 13d). No additional
thermal event (e.g., eutectic melting) was observed in the second DSC heating curve of solutions
with pHo of 8.8 (Figure S7, S8). The above results pointed out that tris HCI had the potential to

crystallize during annealing while tris base was highly resistant to crystallization.
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Figure 14. DSC heating curves of (a) 10 mM pH 8.0* tris solution, (b) 100 mM pH 8.0* tris
solution, (c) 10 mM pH 7.3* tris solution, and (d) 100 mM of pH 7.3* tris solution. Green curve -
heating from -50 to 20 °C without annealing; blue curve - heating from -50 to 20 °C after annealing

at -20 °C for 8 hours. * pH measured at room temperature.
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CONCLUSION

According to the DSC results, (i) both tris base and tris HCI crystallized during freeze thawing. (ii)
Compared with tris base, tris HCI exhibited a higher crystallization propensity. (iii) The
crystallization of tris HCI was more pronounced at higher solute concentrations. (iv) As the
concentration of tris base increased (i.e., higher pH), there was more pronounced inhibition of tris
HCI crystallization. In other words, tris base exhibited a concentration dependent inhibition of tris
HCI crystallization. Cresol red (CR) was added as the pH indicator to measure the pH of frozen
tris solutions. The positive pH shift was more substantial at lower temperatures, indicating that the
buffer salt crystallization during heating was not responsible for pH change. Besides, buffer
concentration and pHo (when pHo <7.9) did not influence the trend of pH shifts as heating
temperature increased (Figures 13a and 13b). As we discussed earlier, the pKa of tris buffer
system is highly temperature dependent (theoretically + 0.41 unit per 10 °C decrease), which may
far exceed the effect of buffer salt crystallization. In the current study of buffers with pHo 7.3, 7.5,
and 7.9, the increase in Hxis ~ 0.3 to 0.4 unit per 10 °C decrease, possibly indicating that the
positive pH shift of tris buffer at subambient conditions is attributable to increasing pKa rather than
tris HCI crystallization. Formulators should be aware of the positive pH shift of tris buffer at

subambient conditions since it may influence protein stability.

27



APPENDIX
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Figure S1. DSC cooling curves of (a) 10 and (b) 100 mM tris buffer solutions. The pH values of
the buffer solutions are 7.3*, 8.0* and 8.8* (green, blue, and brown lines). The solutions were
cooled from 5 to -80 °C at 1°C/min. *pH measured at room temperature.
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Figure S2. Synchrotron XRD of 10 mM tris HCI buffer (pH 7.3*) during freezing and heating.
The solution was cooled from room temperature to -40 °C, held for 15 min, and heated to 5 °C.
The results collected using synchrotron radiation (0.45171 A) were converted to Cu Ko radiation
(1.54 A) to facilitate ready comparison with published data. *pH measured at room temperature.
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Figure S3. Synchrotron XRD of 10 mM tris HCI buffer with pH 8.0* during freezing and heating.
The solution was cooled from room temperature to -40 °C, held for 15 min, and heated to 5 °C.
The results collected using synchrotron radiation (0.45171 A) were converted to Cu Ka radiation
(1.54 A) to facilitate ready comparison with published data. *pH measured at room temperature.
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Figure S4. Synchrotron XRD of 100 mM tris HCI buffer with pH 8.0* during freezing and heating.
The solution was cooled from room temperature to -40 °C, held for 15 min, and heated to 5 °C.
The results collected using synchrotron radiation (0.45171 A) were converted to Cu Ka radiation
(1.54 A) to facilitate ready comparison with published data. *pH measured at room temperature.
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Figure S5. Synchrotron XRD of 10 mM tris HCI buffer (pH 8.8*) during freezing and heating.
The solution was cooled from room temperature to -40 °C, held for 15 min, and heated to 5 °C.
The results collected using synchrotron radiation (0.45171 A) were converted to Cu Ka radiation
(1.54 A) to facilitate ready comparison with published data. *pH measured at room temperature.
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Figure S6. Synchrotron XRD of 100 mM tris HCI buffer (pH 8.8*) during freezing and heating.
The solution was cooled from room temperature to -40 °C, held for 15 min, and heated to 5 °C.

The results collected using synchrotron radiation (0.45171 A) were converted to Cu Ko radiation
(1.54 A) to facilitate ready comparison with published data. *pH measured at room temperature.
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Figure S7. DSC heating curves of 10 mM of tris HCI buffer (pH 8.8*) without annealing and after

annealing at -20 °C for 8 hours (blue and green, respectively). The temperature range is from -50

to 25 °C and the heating rate was 1°C/min. * pH measured at room temperature. The solutions

were initially cooled from 5 to -50 °C at 1 °C/min.
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Figure S8. DSC heating curves of 100 mM tris HCI buffer (pH 8.8*) without annealing (green)
and after annealing at -20 °C for 8 hours (blue). The temperature range is from -50 to 20 °C with
a heating rate of 1°C/min. The solutions were initially cooled from 5 to -50 °C at 1 °C/min. * pH
measured at room temperature.

Script S9: Hx value calculation based on the ratio of protonated and deprotonated forms of CR.
¢ =Isqnonneg ([ind_form1, ind_form2], sample_spectrum);
Hx= pKa_ind+log10(c(2)/ c(1));
Absorbances of protonated (ind_forml), deprotonated form (ind_form2) of CR, and sample

(sample_spectrum) are vector inputs. Ratio of ¢(1) and c(2) showed the relative abundance of
protonated and deprotonated forms of CR.

Table S10. Peak positions of H(CR) (B form) and (CR)? (C form) under subambient temperatures.

CR form Peak position (nm) -20°C -30°C -40°C
Solution (RT)

H(CR) 434 443 436 443

(CR)* 572 575 574 575
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