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A temperature independent pH buffer has been developed from a

combination of buffers of opposite-sign temperature coefficients,

and utility in low temperature spectroscopy and storage of pH

sensitive compounds is demonstrated.

Storage and analysis of samples at low and cryogenic tem-

peratures has become a routine practice in modern research, as

these temperatures can preserve the integrity of precious

samples, and allow modern biophysical and bioanalytical

techniques to provide information on biomolecules at an

unprecedented level.1–8 Buffers are invariably used in the

sample storage and analysis process. It is widely known that

the pH of a buffer solution can change at low temperatures,

and this has been ascribed to enthalpic effects on the proton

equilibrium as well as selective precipitation of buffer compo-

nents upon cooling.9–12 If left unaccounted for, these pH

changes could lead to damage to the samples and erroneous

conclusions about biomolecular structures and dynamics at

physiological temperature.

About 75 years ago, Finn and coworkers reported the

denaturation of proteins contained in muscle juice due to the

variation in hydrogen ion and salt concentrations upon freez-

ing.13 Thereafter, activity loss of aldolase, phosphofructo-

kinase and several dehydrogenases in sodium and potassium

phosphate buffer at lower temperatures has been observed and

ascribed to pH effects.14,15 Several strategies have been applied

to measure the temperature-dependent pH characteristics,

such as the measurement of electromotive force (emf) to

determine temperature dependence of pKa values, or the use

of pH-sensitive dyes to probe protonic activity at low tem-

peratures.16–20 It was reported that EPR (electron paramag-

netic resonance) based estimates of the apparent pH change

from the observation of several pH-sensitive systems (such as

the flavin adenine dinucleotide semiquinone radical (FADH�)

in xanthine oxidase) coincide well with estimates based on

indicator dye optical changes.18

Despite broad awareness, and extensive research into the

relevance and merits of cryotemperature studies on biological

systems,21,22 no reports of strategies to obtain buffers that

resist temperature-dependent pH changes have appeared in the

literature. Here we address this long standing problem through

combination of buffers exhibiting an increase in pH upon

freezing with those exhibiting a decrease. The utility of these

temperature-independent-pH (TIP) buffers in preserving the

sample integrity upon freezing of pH-sensitive pharmaceutical

drugs, and in spectroscopic studies of human methemoglobin

(met-Hb) is also demonstrated.

To obtain the TIP buffer, the apparent pH changes of

two commonly used buffers, (4-(2-hydroxyethyl)-1-pipe-

razineethanesulfonic acid (HEPES) and potassium phosphate)

and mixtures thereof were first measured at low temperature

via ratiometric absorption spectroscopy. A 1 : 1 mixture of

two pH-indicator dyes (bromcresol green (BCG) and

bromthymol blue (BTB) was used as a probe having two

band maxima in the visible absorption spectrum,

allowing for ratiometric calibration of pH values at different

temperatures that is not vulnerable to baseline shifts

often affiliated with low temperature absorption spectral

characterization (Fig. 1a).

It has been established that the low temperature effect on

the protonation state of the indicator dyes chosen is this work

is governed by the buffer composition, and is not, in this case,

a result of a significant pK shift of the dye itself upon cool-

ing.19 Consideration must always be taken to separate low

temperature effects on the probe itself from those inferred as

pH changes.

Quantification of apparent pH change was accomplished via

development of a room temperature calibration curve corre-

lating absorption peak maxima ratios to pH, and subsequent

correlation of low temperature absorption spectra to apparent

pH. As shown in Fig. 1b, the apparent pH of HEPES buffer

measuring pH 7.0 at room temperature increases when low-

ering the temperature, while the apparent pH of the phosphate

buffer decreases. The apparent changes of pH for HEPES and

phosphate buffers from 25 1C to �180 1C are 1.52 � 0.20 and

�0.55 � 0.22 units, respectively, and such pH changes are so

drastic as to heavily influence the quantitative cryogenic

investigations of pH-sensitive biomolecules.

We subsequently monitored the effect of mixing the two

buffers in different ratios and found that a combination of

60% HEPES and 40% potassium phosphate (TIP7) exhibits

less than 0.07 � 0.10 pH upon cooling from 25 1C to �180 1C

(Fig. 1b). The spectrum in bis-tris propane (BTP) buffer is

shown as a positive control, as a large pH change was expected

for this buffer upon freezing.
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To explore the utility of such a TIP buffer in preserving

integrity of samples stored at low temperature, we employed

the pH-sensitive pharmaceutical drug, oxacillin, a penicillin

analog. Inactivation of b-lactam antibiotics in acidic or basic

solution has been correlated with the initial opening of the

b-lactam ring, irreversibly deactivating the drug towards anti-

biotic activity.23–25

Solutions of oxacillin were prepared at 4 1C in the presence

of 50 mM HEPES, potassium phosphate, BTP, and TIP7

buffers at pH 7.0. Aliquots of each solution were then subject

to storage in a freezer at �20 1C, and the degradation of

oxacillin was monitored quantitatively over several days via

thawing and subsequent HPLC analysis. Control samples

(light colors) were thawed only at the end of the test period,

and indicate that the freeze/thaw process itself was not largely

responsible for the observed degradation. All buffered solu-

tions measured pH 7.00 � 0.05 at 25 1C after storage.

Shown in Fig. 2a are HPLC chromatograms exhibiting the

conversion of oxacillin (Tr 22.5 min) to its hydrolysis product

(Tr 17.8 min) over time upon storage at �20 1C the presence of

HEPES and TIP7 buffers. A sample of the major hydrolysis

product at Tr = 17.8 min was collected at 4 1C for each buffer

and in all cases was identified as the b-lactam hydrolysis

species via electrospray mass spectrometry (ESI� (m/z) obs.

208.2 � 1.0, calc. 208.7 (M � 2H+)/2). No buffer–oxacillin

adducts could be observed under the investigated conditions.

Consistent with indicator dye experiments, increased rates of

hydrolysis were observed for bis-tris propane and HEPES

buffers (Fig. 2b), and were attributed to an increase in the

pH of the solution upon storage at �20 1C. Remarkably, even

after 144 h, the extent of hydrolysis observed in TIP7 buffer

(60 : 40 HEPES : potassium phosphate) is only 7.6% of that

observed in HEPES alone; with 95.6% of the oxacillin remain-

ing intact, compared with 4.4% remaining in HEPES solution.

No hydrolysis was observable in potassium phosphate buffer

over the reported test period, consistent with an expected

decrease in pH from 7.0 into the optimal stability range for

this particular antibiotic.

To investigate the utility of the TIP buffer for conducting

accurate spectroscopic studies of biomolecules at cryotem-

peratures, we measured the UV-vis absorption spectrum of

human methemoglobin (met-Hb) at 25 1C and upon cooling

Fig. 1 (a) Absorption spectral changes of a 0.1 v/v% solution of

BCG:BTB indicator in 50 mM mixed buffer (16.6 mM in potassium

phosphate/BTP/Hepes) and 50% v/v glycerol from pH 6.0 to 8.6.

Arrows indicate direction of increasing pH. (b) Apparent pH vs.

temperature for selected buffers as probed by indicator dyes. Error

bars indicate standard deviation of three replicates. Images show color

change upon cooling from 25 1C to�140 1C in presence of each buffer.

(BTP buffer not shown).

Fig. 2 (a) Degradation of oxacillin in different buffers at low tem-

peratures. (b) HPLC chromatograms showing base catalyzed conver-

sion of 100 mM oxacillin (Tr 22.5 min) to its hydrolysis product (Tr

17.8 min) over time at �20 1C in HEPES and TIP7 buffers. Samples in

dark blue were thawed every 48 h and refrozen after analysis. Control

solutions in light blue remained frozen until end of trial. All HPLC

separations were performed at 25 1C while monitoring A220. All

samples measured pH 7.00 � 0.05 at 25 1C before and after storage.
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over 30 s to �140 1C in potassium phosphate, HEPES, BTP

and TIP buffers; all starting at pH 7.0 at 25 1C (Fig. 3a). The

ferric state of human met-Hb exhibits a pH dependent equili-

brium between high-spin normal state at low pH (Fe–OH2,

with absorptions at 500 and 630 nm) and low-spin alkaline

state at high pH (Fe–OH, with absorptions at 540 and

575 nm), with a pKa of 8.05 at 25 1C.26,27 The difference

spectra shown in Fig. 3b are arranged, from bottom to top, in

order of increasing concentrations of the low-spin alkaline

species generated in each buffer solution upon freezing. The

met-Hb spectrum in TIP7 buffer at �140 1C showed most

similarity to that at room temperature. Clearly, a more alka-

line signal is observable in HEPES buffer than in TIP7 buffer

due to a pH increase upon freezing, as is a decrease in alkaline

signal from the room temperature spectrum in the presence of

phosphate buffer due to a pH decrease upon freezing.

In summary, we have carried out a systematic quantification

of the pH changes of two commonly used buffers under low

temperatures and, based on the study, we have developed a

temperature independent pH buffer. We further demonstrate

such a buffer can help to maintain the integrity of pH-sensitive

pharmaceutical compounds such as oxacillin when storing the

sample under low temperature. We also show utility in pH-

dependent spectroscopic analysis at cryotemperature, as in the

visible absorbance spectroscopy of human methemoglobin.

The ratiometric method to quantify pH changes and the

strategy of mixing different buffers of opposite pH changes

with temperature to result in temperature independent pH

buffers can be generally applied in other buffer systems at a

different pH. Such buffers should find a wide utility in

cryostorage and biophysical studies of pH sensitive molecules

at low temperature.
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Fig. 3 (a) Visible spectra of adult human met-Hb (0.1 mM) in 50 mM

mixed buffer (16.6 mM potassium phosphate–HEPES–BTP) at 25 1C

and upon cooling to �140 1C in presence of 50 mM potassium

phosphate, TIP7, HEPES, and BTP buffers. (b) Low temperature

spectra after subtraction of room temperature spectrum. All solutions

measured pH 7.00 � 0.05 at 25 1C before and after spectra were taken.
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