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Biophysical and biochemical instability of therapeutic proteins in the solution state may necessitate the
development of products in the solid form, due to their enhanced stability. Lyophilization is a widely
used method to ensure dry state stabilization of biological products. A commonly encountered issue is
the pH shifts that can occur due to undesired crystallization of a buffer component, resulting in loss of
protein activities. However, it is technically challenging to noninvasively investigate the physicochemical
environment in the lyophile matrix. In this work, we demonstrate an approach based on solid-state NMR
to investigate the microenvironmental acidity in lyophilized protein formulations, using histidine, a
commonly used buffer agent, as a molecular probe. The solid-state acidity in the lyophilized matrix can
be assessed by monitoring the chemical shift changes of histidine. The protonation and tautomeric states
of histidine lyophilized at a range of pH values from 4.5 to 11.0 were identiﬁed from full 13C and 15N
resonance assignments in one-dimensional and two-dimensional NMR experiments. The results
demonstrated a pH-dependence of histidine chemical shift in the amorphous state. Moreover, we successfully applied this protocol to investigate the microenvironmental pH in lyophilized formulations of
the HPV vaccine and lactate dehydrogenase protein.
®
© 2020 American Pharmacists Association . Published by Elsevier Inc. All rights reserved.
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Introduction
Lyophilization has become a major platform to prepare solid
formulations of proteins and vaccines. Drying processes involve
various thermal, dehydration, and mechanical stresses, which can
impact stability of protein formulations differently.1 Therefore,
major tasks in the formulation development are to optimize the
drying process and rationalize the selection of excipients. The stability and performance of the lyophilized product can be dictated
by the physical form of the drug substances and excipients. Protein
therapeutics are often formulated in buffered solution and stored in
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frozen or freeze-dried state, which may contain excipients such as a
buffer, stabilizer, tonicity modiﬁer, and a bulking agent.2 A buffer
solution is used to maintain the pH of the formulation in the
working range throughout its shelf-life. Common buffers for protein formulations include phosphate, acetate, histidine, citrate, and
tris.3 The controlled acidity plays an important role in determining
the stability of proteins, antibiotics, and vaccines in frozen and
freeze-dried formulations. A change of pH in the formulation during production and storage may cause stability issues when the
active ingredient or excipient undergo degradation at pH values
different from the original aqueous pH.4e9 Selective crystallization
of buffer components during freezing and freez-drying can result in
unexpected pH changes, which depends on factors such as buffer
concentration, cooling rate, temperature, and initial pH.10 Dramatic
pH shifts induced by buffer crystallization during freeze-thaw
cycling in phosphate buffered solutions have been reported to
cause the aggregation of bovine serum albumin and beta-galactosidase.11 A detrimental effect of pH shift was also observed on
lactate dehydrogenase (LDH) and a model enzyme upon
freezing.11,12 The pH shift due to buffer salt crystallization can be
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adversely affected by including non-crystallizing solutes such as
sugar, polymers and proteins.13 The addition of trehalose, by
inhibiting buffer crystallization, has been reported to prevent pH
shift upon the freezing.14 Therefore, the knowledge of pH stability
in formulations during lyophilization and storage is critical to the
drug development of proteins and vaccines.15
Since the 1990s, the importance of microenvironmental pH
(pHM) of pharmaceutical solids to drug development has been discussed due to its signiﬁcant impact on drug stability and dissolution.16e18 pHM is sometimes described as the pH of the saturated
solution on the immediate surface of the drug particle.19 Modulating
the pHM of matrix systems by incorporation of pH modiﬁers can help
improve controlled release of weakly ionizable compounds.19e21
Tremendous efforts have been carried out to develop reliable techniques to determine pHM in the solid state.22 The pH measurement
of a slurry may closely represent solid surface pH.23 An indicator
dye-sorption method can probe solid surface acidity and can enable
rank ordering of acidity in systems based on the ionization state of
the indicator dye molecule. However, a comparison of the dyesorption and slurry pH method showed partial disagreement
depending on the compound and the indicator.24 It has been
demonstrated that pH measurement based on calibration plots of
aqueous dye solution is not applicable to the solid state in many
cases.24 Electron paramagnetic resonance (EPR) imaging is used to
evaluate pHM inside tablets by incorporating pH-sensitive spin labels.21 Confocal laser scanning microscopy has been used to map the
spatial distribution of pHM using pH-sensitive ﬂuorophore.25 One
direct method to potentiometrically determine the pH on the surface
is established by using a surface pH electrode.19,26 Most existing pH
measurements of solids are based on introducing exogenous
chemicals which may disturb the microenvironmental acidity and
affect stability of drug products. An alternative, non-invasive method
to measure in situ acidity of lyophilized products will beneﬁt the
development of drug products when electrochemical or spectroscopic measurements are not feasible or ambiguous.
For example, Gardasil and Gardasil®9 are vaccines against the
most prevalent types of human papillomaviruses and have been
shown to be effective in preventing HPV-related cancers. The vaccines are composed of virus-like particles (VLPs) expressed and
puriﬁed from yeast and absorbed to aluminum adjuvant with
Gardasil comprising Types 6, 11, 16 and 18 and Gardasil®9
comprising Types 6, 11, 16, 18, 31, 33, 45, 52 and 58.27,28 These
current marketed vaccines are liquid formulations and are stable
for up to 2 years at 2e8  C. The utilization of lyophilization can
enhance the thermostability of type 6, 11, 16, and 18.29 With the
wide development of lyophilized formulations, it becomes urgent
to develop method to monitor potential pH changes upon lyophilization. The lyophilization process includes three steps, namely
freezing often with annealing, primary drying via ice sublimation,
and secondary drying via water desorption. pH values of a frozen
solution can be measured by low-temperature pH electrodes
operating at sub-zero temperatures to 30  C.10,11,14,30 The pH of
frozen solutions can also be measured by adding a universal pH
indicator solution.31,32 An earlier study suggested pKa values of
model organic compounds containing common functional groups
of amino acids are similar in both aqueous and lyophilized forms by
Fourier-transform infrared spectroscopy.33 The concept of “pH
memory” of biomolecules was therefore proposed suggesting the
behavior of the freeze-dried form corresponds to the pH of the
aqueous solution where they were prepared from.33 However, a
robust and non-invasive method is needed to probe the stability as
represented by microenvironmental acidity in the solidiﬁed biological products as a result of water removal.
Histidine is one of the most commonly used buffers in protein
formulations with important functions of regulating shifts of pH as
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well as stabilizing proteins.34 The acid-base properties of histidine
makes it a good candidate as a pH indicator. Histidine has four
potential protonation sites, namely the carboxylate end, two nitrogen atoms of the imidazole ring, and the amine terminal. The
successive deprotonation of the carboxylic acid group, imidazolium
cation and amine nitrogen has pKa values of 1.9, 6.1 and 9.1,
respectively as shown in Fig. 1A. The protonation state of histidine
is very sensitive to small changes in the environmental pH.35e37 At
low acidic pH, histidine carries two positive charges. As pH increases, the carboxylic acid group ﬁrst becomes deprotonated followed by the neutralization of the imidazolium group. As pH
increases, the backbone amine group can lose a proton to give an
anionic histidine. The neutral imidazole of histidine exists in a pHdependent equilibrium of two neutral tautomers, the Nε2-
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Fig. 1. (a) Protonation states of histidine; and (b) tautomerization of the imidazole
ring.
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protonated t tautomer and the Nd1-protonated p tautomer in
Fig. 1B. The two forms undergo interconversion through tautomerization and ring ﬂip. The Nε2H form is favored by ~4 to 7-fold over
the Nd1H form in the neutral imidazole of the amino acid.36 Since
the protonation state and tautomeric conformation of histidine are
sensitive to environmental pH, all the 13C and 15N chemical shifts
show substantial pH-dependence.37 In particular, the ring Nd1 and
Nε2 have substantially different chemical shifts in their protonated
or deprotonated states. Cε1, Cd2 and Cg chemical shifts are also
sensitive to the ionization and tautomerization state of histidine,
due to the local electronic environmental changes. The pHdependent distribution of tautomers of a neutral histidine can be
deduced upon assignment of its ring 15N and 13C signals. Chemical
shifts of crystalline histidine upon ionization and tautomerization
have been reported by solution36,37 and solid state NMR.35,38 Hong
and co-workers showed chemical shift changes of 13C and 15N with
an increasing pH provide a robust indication of the tautomeric
states at a given pH.29 Fu and co-workers used 15N selectively 13C
ssNMR to identify a mixture of neutral and charged states in a
sample of 13C, 15N labeled histidine powder lyophilized from a solution at pH 6.3.38 In a previous solid state NMR study of lyophilized
histidine, Henry et al. showed that chemical shifts of histidine
contains the pH information of the parent solutions.39 However, the
dependence of chemical shifts on pH changes of amorphous histidine in complex pharmaceutical formulations has not yet been
reported.
Solid-state NMR spectroscopy (ssNMR) has been increasingly
utilized as a high-resolution technique to characterize the stability,
mobility, and miscibility of lyophilized protein formulations for its
capabilities on structural characterization of materials that are lack
of long-range order.40e42 In this work, for the ﬁrst time, we
demonstrate the utilization of histidine in lyophilized formulations
as an indicator to probe pH change in lyophilized protein solids by
ssNMR. 1D 13C, 15N and 2D 13Ce13C homonuclear and 15Ne13C
heteronuclear correlation spectra are utilized to assign the chemical shifts of amorphous histidine in formulations. Chemical shifts of
the imidazole ring are shown to be sensitive to the pH of prelyophilized solution. The trend of 13C and 15N chemical shifts
with pH from 4.5 to 11 is established. We also investigate the
impact of sodium phosphate on chemical shifts of histidine at
different pH values. We demonstrate the robustness of this method
in model HPV vaccine and LDH formulations.
Materials and Methods

extinction coefﬁcient of LDH from rabbit muscle is1.44 mL/mg-cm
at 280 nm. The LDH solution was subsequently formulated to a
ﬁnal composition with 10 mg/mL of LDH in 100 mM phosphate
buffer (pH 7.5), 20 mM labeled histidine and 50 mg/mL trehalose.
Two milliliters of the sample solution were ﬁlled into each 10-mL
vial (for a ﬁll depth of 0.53 cm) and were partially stoppered with
rubber stoppers.
LyoStar 3 (SP scientiﬁc, Gardiner, NY) was used for the freezedrying studies. All sample vials were placed on the center position of the shelf surrounded by empty vials. During freezing, the
samples were equilibrated in the freeze-dryer at 5  C for 30 min,
then the shelf was cooled to 40  C at 1  C/min and held for 2 h. For
primary drying, the chamber pressure was set at 100 mTorr and the
shelf was heated at 0.2  C/min to 25  C and held constant. When
the Pirani gauge signal converges with the capacitance manometer,
the shelf temperature was raised to 40  C at 0.1  C/min and held for
5 h to complete secondary drying. The samples were backﬁlled
with dry ﬁltered nitrogen to 600 Torr, stoppered and sealed until
further analysis.
Preparation of Lyophilized HPV33 VLPs
A placebo formulation at 2 the desired concentration was
prepared (20 mM L-histidine, 45.7 mM 13C6, 15N3 L-histidine,
650 mM sodium chloride, 0.02% polysorbate 80, 10% trehalose). This
2 formulation was split into three separate containers and pH was
adjusted to 4.5, 6, and 8, with either 1 M NaOH or 1 M HCl. The
formulation was then diluted 1:1 by addition of the appropriate
volume of HPV33 VLPs and water (to QS) to make the ﬁnal formulations (0.54 mg/mL HPV33, 10 mM L-histidine, 22.9 mM 13-C6,
15-N3 L-histidine, 325 mM sodium chloride, 0.01% polysorbate 80,
5% trehalose. The ﬁnal pH was conﬁrmed for the three formulations
as 4.5, 6.0 and 8.0. Formulations were ﬁlled into ISO2R vials at a
volume of 1 mL each, half stoppered with igloo stoppers, frozen
at 115  C for 15 min, then placed on a 50  C LyoStar 3 shelf. The
shelf was held at 50  C for 2 h. For primary drying, the chamber
pressure was set at 50 mTorr and the shelf was heated at 0.1  C/min
to 25  C and held for 30 h. The shelf temperature was then raised
to 25  C at 0.1  C/min and held for 5 h. The samples were backﬁlled
with dry ﬁltered nitrogen to 540 Torr, stoppered and sealed until
further analysis. The weight % of the lyophilized HPV33 cakes were
0.721% HPV33 VLPs, 2.07% L-histidine, 5.00% 13-C6, 15-N3 L-histidine, 25.3% sodium chloride, 0.133% polysorbate 80, 66.7% trehalose. Fig. S1 shows an image of lyophilized HPV VLP prepared at
three different starting solution pH.

Materials
Solid-State NMR Spectroscopy
Chemicals including L-histidine, 13C6 and 15N3 isotopically
labeled L-histidine, polysorbate 80, sodium chloride, trehalose
dihydrate and LDH (from rabbit muscle (EC 1.1.1.27), a suspension in
3.2 M ammonium sulfate) were purchased from Sigma-Aldrich.
HPV33 VLPs were manufactured by Merck & Co, Inc (West Point,
PA). Phosphate buffer were prepared freshly by dissolving the
monosodium and disodium phosphate salts in the appropriate ratios to obtain the desired pH and buffer concentration.
Preparation of Lyophilized Histidine With and Without LDH
Pre-lyophilization solutions without LDH were prepared by
adding trehalose (5% w/v) and 13C6, 15N3 L-histidine (20 mM) to
sodium phosphate buffer solutions (100 mM or 20 mM; pH 4.5, 6.0,
7.0, 8.0, 11.0). LDH was dialyzed against 100 mM sodium phosphate
buffer (pH 7.5) with a 10 K MWCO membrane for 3 h twice and the
third buffer exchange for overnight at 4  C. The concentration of
LDH was determined using SoloVPE (Bridgewater, NJ). The

Solid-state NMR experiments were carried out on an Avance III
500 spectrometer (11.7 T) equipped with a 4-mm triple-resonance
H/X/Y probe (tuned to 1H/13C/15N) in the Biopharmaceutical NMR
Laboratory (BNL), Pharmaceutical Sciences (Merck & Co. Inc, West
Point, PA 19486, United States). 1D 13C and 15N spectra of samples
were acquired at a MAS frequency of 12 kHz and at room temperature. A typical 1H 90 pulse radio-frequency (RF) power was
83 kHz. During cross polarization (CP) period from 1H to 13C or 15N,
RF power on 1H and X (13C or 15N) channels were matched to
Hartmann-Hahn conditions, and a linear gradient pulse from 90% to
100% was used to on 1H channel to enhance the transfer efﬁciency.
A CP contact time of 2 ms and 2.5 ms was used for 1He13C and
1
He15N transfers, respectively. During 13C and 15N acquisition, the
1
H RF power of the SPINAL decoupling scheme was set to 83 kHz. A
recycle delay of 2 s was used for all the 1D experiments. 2 k-6 k
scans were commonly acquired for 1D spectra resulting in experimental times of 1e5 h.
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2D 13Ce13C COmbined R2vn-Driven (CORD)43 homonuclear correlation experiments were acquired with a CORD mixing time of
50 ms. A typical 2D CORD took 10 he31 h with a recycle delay of
1.5 s and 64 to 196 scans. 2D 15Ne13C double CP (DCP) experiments
were obtained with a 1He15N contact time of 2 ms and a 15Ne13C
contact time of 8 ms. A 13C 90 pulse was 4.8 us. With 521e2048
scans, and 8 points in indirect dimension and a recycle delay of 8 s,
the experimental time for a DCP spectrum was approximately
9e36 h. For crystalline histidine, 2D 1He13C heteronuclear correlation (HETCOR) spectrum was obtained with 50 ms CP contact time.
32 scans were repeatedly accumulated with a recycle delay of 2s.
With an acquisition of 512 points in the indirect 1H dimension, a
total experiment time was approximately 9 h 2D 1He15N HETCOR
spectrum with a contact time of 50 ms was acquired with 512 points
in the 1H dimension and 32 consecutive scans per point resulting in
an experimental time of approximately 9 h, All spectra were processed in Bruker TopSpin. 1D spectra were obtained by zero ﬁlling,
application of Gaussian function and Fourier transformation.
Gaussian or Qsine window functions were applied for 2D spectra.
13
C chemical shifts are referenced to alpha-glycine carbonyl peak at
176.5 ppm and 15N chemical shifts were reference to glycine nitrogen at 33.4 ppm. 1H chemical shifts were externally referenced
to water at 4.70 ppm.
Results
This study aims to establish a protocol to probe microenvironmental acidity by utilizing the chemical shifts of histidine as a
probe molecule. We ﬁrstly explored the chemical shift changes of
histidine lyophilized at various pH values, then established the pHdependency, and ﬁnally utilized the protocol to examine the solidstate pH of lyophilized vaccine and protein formulations. 1D and 2D
homo- and heteronuclear correlations in combination with 13C and
15
N isotopically labeling strategy were utilized.
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allows for acquiring multinuclear correlation spectra for chemical
shift assignments. Spectra of natural abundance histidine in
lyophilized formulations are shown in Fig. S2, which show partial
signal overlapping with trehalose. Crystallization of histidine is not
observed in the ssNMR spectra, as indicated by the broad 13C and
15
N peaks. The amorphous nature is also conﬁrmed by the broad
PXRD patterns in Fig. S4. The ssNMR signals of histidine in the
lyophilized sample prepared from 20 mM sodium phosphate buffer
with 5 w/v % trehalose and pH 7 are signiﬁcantly broadened
showing linewidth of approximately 6.6 ppm and 8.5 ppm for 13C
and 15N, respectively (Fig. 2). As a comparison, the corresponding
13
C and 15N linewidth is approximately 1.2 ppm respectively for the
crystalline form. The broad spectra identify the amorphous nature
of lyophilized powder. For histidine crystallized near neutral pH,
coexistence of tautomeric states of histidine including a neutral t
tautomer and a cationic form was identiﬁed given the highresolution spectra commonly obtained for crystalline samples.35
However, due to signiﬁcant line broadening, one set of carbon
and nitrogen peaks is identiﬁed for the amorphous form, which
corresponds to averaged chemical shifts of different protonation
states and tautomers at equilibrium. It will be interesting to gain
insights into the protonation and tautomeric state of amorphous
histidine obtained upon lyophilization. We therefore performed
chemical shift assignments by referencing to existing literatures
and following a protocol established previously.35,44
We acquired 2D 13Ce13C, 13Ce15N, 1He13C, and 1He15N correlation spectra in addition to 1D spectra for unambiguous resonance
assignments of amorphous histidine lyophilized from the solution
samples prepared at pH 4.5 to 11.0. Fig. 3 illustrates an example of
peak assignments of amorphous histidine using 1D and 2D spectra
at pH 6. The same experimental protocol was utilized to assign
resonances of crystalline histidine (Fig. S3) which allows the
identiﬁcation of neutral t tautomer as the main form in the sample.

Spectroscopic Characterization of Lyophilized Histidine in the
Amorphous Form
1D 13C and 15N spectra of 13C and 15N isotopically enriched
histidine in a lyophilized formulation in comparison with those of a
crystalline form as received are shown in Fig. 2. 13C and 15N isotopically labeling signiﬁcantly improves the ssNMR sensitivity and
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N chemical shift (ppm)

Fig. 2. Comparison of 1D13C (a) and 15N spectra (b) of 13C and 15N isotopically labeled
crystalline histidine (bottom) and amorphous histidine (top) in a lyophilized formulation prepared from aqueous solution of 20 mM sodium phosphate buffer with 5 w/v
% trehalose and at pH 7.0. Histidine, trehalose, sodium phosphate account for 5.9%,
89.1% and 5% w/w of the lyophilized product, respectively. Full width at half maximum
(FWHM) of a few representative peaks is shown in ppm.

Fig. 3. Representative chemical shift assignments of amorphous histidine lyophilized
from a solution containing 5 w/v % trehalose at pH 6 using 2D 13Ce13C homonuclear
(a), 13Ce15N (b) and 1He13C (c) heteronuclear correlations. 1D 13C and 15N spectra are
displayed along the axis. Signals from unlabeled trehalose in 1D 13C spectrum is
marked with asterisk. Histidine and trehalose account for 6% and 94% w/w of the ﬁnal
lyophilized product, respectively.
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Protonation States and Chemical Shift Dependence of Histidine in
Lyophilized Matrix
Stacked 1D 13C and 15N spectra of histidine acquired at pH 4.5 to
11 are displayed in Fig. 4A and B showing the imidazole carbons and
nitrogen. Generally, similar linewidth and peak pattern are
consistently observed in 1D 13C and 15N spectra in the pH range
under our investigation. Interestingly, chemical shift perturbations
are observed at different pH conditions. Dashed lines mark the
shifting of ring carbons and nitrogen in 1D spectra. The correlation
between pH values of the starting solution and 13C and 15N
chemical shifts of histidine imidazole ring in the lyophilized samples are plotted in Fig. 4C. Chemical shifts of histidine imidazole
ring demonstrate a systematic shift with increasing pH values. Cε
shows a downﬁeld shift, with an average shift of 0.30 ppm per pH
unit. Cg, Cd2 and Nε2 show an upﬁeld shift from pH 4.5 to 11.0, and
the average shift per unit is 0.49 ppm, 0.52, and 1.35 ppm,
respectively. Since nitrogen atoms are directly involved in protonation and deprotonation, nitrogen chemical shifts are shown to be
more sensitive to pH changes. Cd2 chemical shift is most sensitive to
pH change in the acidic range with a shift of 0.4 ppm from pH 4.5 to
pH 6.0. Near physiological pH, a pH unit change causes an average
shift of 0.43, 0.8, 0.77 and 2.5 ppm for Cε, Cg, Cd2, and Nε2, respectively, showing more sensitivity than the larger pH range from 4.5
to 11.0. These pH-dependent changes suggest that the change of
histidine chemical shifts can be utilized to probe the microenvironmental acidity in lyophilized solids.
Samples in Fig. 4 was prepared from solutions containing
20 mM sodium phosphate buffer. The formulation pH is often
maintained by utilizing a buffer system that covers the range of the
desired pH and has reasonable buffer capacity. To evaluate the
capability by utilizing histidine as the only buffer agent, we prepared the lyophilized histidine samples without sodium phosphate
buffer. Chemical shift assignments of samples containing 20 mM
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The 1H, 15N and 13C chemical shifts are summarized in Table S1. 2D
spectra establish correlations among proton, carbon, and nitrogen
spins for unambiguous chemical shift assignments of 13C and 15N.
For example, Cg is not directly bonded to Nε2 and therefore can be
assigned to the peak without a cross peak to Nε2 in the 2D 15Ne13C
spectrum. The knowledge of chemical shifts enables to identify the
dominant form in an amorphous mixture. At pH 6.0, Nd1 has a
chemical shift of approximately 246.6 ppm suggesting a deprotonated Nd1. Cd2 shows a shift of 118.1 ppm, lying in between that of a
cationic form and a neutral t tautomer. Therefore, the lyophilization process retains a mixture of cationic and neutral histidine
which coexist in the starting solution of pH. At pH 4.5, Nd1 and Nε1
exhibit one broad peak at 175.4 ppm, agreeing with a protonated
imidazole ring of a cationic histidine. At pH 7.0 and 8.0, the coexistence of a cationic form and a neutral t tautomer remains with the
neutral form becoming dominant. At pH 11.0, the carbonyl carbon
shows a chemical shift at 181.7 ppm and Cd2 has a chemical shift at
115.1 ppm, suggesting an anionic t tautomer. It should be noted
that the presence of p tautomer is possible at pH 11.0 but couldn't
be assigned due to peak overlapping. Li and Hong reported the
absence of the neutral t tautomer of crystalline histidine at pH 8.5
due to its instability.35 At pH 11.0, the coexistence of the anionic p
and t tautomers was identiﬁed and it caused linebroadening,35
which is also observed in our spectra. The metastable anionic p
tautomer is reported to convert to t tautomer when the dry sample
is hydrated.35 It has been noted that a Cd2 chemical shift at >
122 ppm is suggestive of a predominant p tautomer.45 1H peaks in
the indirect dimension of the 2D spectra are broad (Fig. 3C), as
expected, due to strong proton-proton dipolar couplings in the
solids and disordered nature of the amorphous materials.
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Fig. 4. 1D 13C (a) and 15N (b) spectra of 13C and 15N labeled histidine/trehalose/sodium
phosphate lyophilized powder at pH 4.5 to 11.0. (c) Correlation between Cε, Cg, Cd2 and
Nε2 chemical shifts of amorphous histidine and pH values at which the formulations
were prepared. Histidine, trehalose, sodium phosphate account for 5.9%, 89.1% and 5%
w/w of ﬁnal lyophilized products, respectively.

histidine and 5 w/v% trehalose are summarized in Table S1. Fig. S5
shows correlations of histidine chemical shifts and pre-lyo solution
pH in the absence of sodium phosphate. Similar trend of chemical
shift changes with pH increases is observed as those in Fig. 4. To
evaluate the impact on chemical shift of histidine with and without
sodium phosphate buffer, the comparisons are shown in Fig. 5AeE.
The data have shown that 20 mM sodium phosphate buffer has
minor impact on histidine chemical shifts at different pH values
with correlation coefﬁcient values of approximately 0.97. One
exception is observed at pH 6.0 with a relatively smaller correlation
coefﬁcient of approximately 0.91. Without sodium phosphate
buffer, Nε2 peak at 168.9 ppm is signiﬁcantly broader than that at
174.6 ppm with the presence of sodium phosphate buffer (Fig. 6A).
A higher Nε2 chemical shift corresponds to an equilibrium towards
the cationic form.35 Compared to signals of crystalline cationic and
neutral forms (Fig. 1), the linewidth of amorphous histidine is much
broader representing an averaged distribution of the two forms.
Similarly, 13C spectra show a distribution of different forms as
shown in Fig. 6B. The peaks at 135.1 and 136.0 ppm assigned to Cε1
reﬂects averaged signals of Cε1 of the charged and neutral forms
and Cg of the neutral form. Therefore, the presence of sodium
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Fig. 5. Correlation of Cε, Cg, Cd2, and Nε2 chemical shifts of histidine with (x-axis) and
without (y-axis) sodium phosphate buffer in lyophilized His/trehalose prepared at
different pH. (aee): 20 mM sodium phosphate buffer at pH 4.5 to 11, in which histidine,
trehalose, and sodium phosphate account for 5.9% 89.1% and 5% w/w of the ﬁnal
lyophilized product, respectively. (f): 100 mM sodium phosphate buffer at pH 7 ± 0.5.
The composition of histidine, trehalose, and sodium phosphate is 4.2%, 64.7% and 31.1%
w/w, respectively. Slopes of the linear correlation prediction are reported in the plots.

phosphate favors the protonated imidazole, whereas the absence of
buffer results in a broader distribution of the cationic and neutral
states, suggesting a slightly stronger acidity.
It is well known that pH shifts can occur during freezing due to
selective crystallization of basic component of the sodium phosphate buffer.11,14 We therefore compare the impact of 100 mM sodium phosphate on pH during lyophilization. Fig. 5F shows a
correlation of Cε, Cg, Cd2, and Nε2 chemical shifts for amorphous
histidine prepared with and without 100 mM sodium phosphate. A
good linear correlation coefﬁcient of 1.043 is obtained for Cε, Cg, Cd2,
and Nε2 chemical shifts. Absolute chemical shift differences of 0.21,
0.44, 0.01, and 1.85 ppm are recorded for Cε, Cg, Cd2, and Nε2, which
suggest a pH change within one unit. However, a pH change of 4.1
units of 100 mM sodium phosphate buffer has been reported due to
salt crystallization when cooled from room temperature
to 25  C.11 One hypothesis is that the presence of 5 w/v % trehalose
prevents salt crystallization under our experimental conditions. A
reduced pH shift of 0.2 unit has been reported for 100 mM phosphate buffer with 5 w/v % cellobiose.11 Moreover, it has been reported that 5 w/v % trehalose can completely inhibit salt
crystallization of sodium phosphate buffer and decrease the
magnitude of pH shift by 1.7 units.14 It should be noted that the

140

130
13

120

110

C chemical shift (ppm)

Fig. 6. Comparison of 1D 15N (a) and 13C (b) spectra of 13C and 15N-labeled histidine/
trehalose formulations prepared at an aqueous solution pH of 6, with (red) and
without (blue) sodium phosphate. Simulated spectra of cationic (black) and neutral
(green) states of crystalline histidine at the chemical shifts reported previously.35
Histidine and trehalose account for 6% and 94% w/w of the ﬁnal lyophilized product,
respectively.

inhibitory effect of solutes on sugar or salt crystallization depends
on experimental factors such as sample geometry and cooling
rate.46 The formulation composition also plays a role in the inhibitory effect on recrystallization, including sugar and salt concentration, initial pH, and presence of other excipients.10,46
Histidine as A Molecular Probe of Acidy in Lyophilized Vaccine and
Protein Formulations
Histidine is a commonly used buffer and stabilizer in vaccine
and protein formulations, and therefore an internal sensor for
probing pH changes during processing, shipment, and storage. To
demonstrate the feasibility of using histidine to probe pH changes
in vaccine formulations, we prepared three lyophilized HPV formulations at pH 4.5, 6.0 and 8.0, with 20 mM labeled histidine, 5 w/
v % trehalose and 10 mM unlabeled histidine in the starting solution. 1D 13C and 15N spectra of histidine in these samples can be
obtained at approximately 2 h. Fig. 7A shows the spectral area of
imidazole ring carbons, as an example. Interestingly, histidine
spectra of the HPV formulation show similar spectral features, i.e.,
peak positions and linewidth, as the vaccine-free samples in Fig. 4A.
2D 13Ce13C and 15Ne13C spectra (data not shown) are further utilized to reﬁne the resonance assignments. Chemical shift perturbations can be readily observed from pH 4.5 to 8.0 in 1D and 2D
spectra in Fig. 7A and B. The average shift of Cε1, Cg, Cd2, and Nε2 per
pH unit is 0.44, 0.63, 0.79, and 2.44 ppm, respectively. The chemical
shifts of histidine agree well with those of reference samples
without HPV (Fig. 4A), showing a linear correlation coefﬁcient of
nearly 1.0 at all three pH conditions displayed in Fig. S6AeC. This
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Fig. 7. Microenvironmental acidity of lyophilized formulations of HPV (aec) and LDH (d) probed by chemical shift changes of histidine. Chemical shift changes of histidine in HPV
vaccine formulations lyophilized at different pH conditions (pH 4.5, 6.0 and 8.0) observed in 1D 13C ssNMR spectra (a) and 2D 13Ce13C spectra (b) of HPV vaccine formulations; (c)
Correlations between 13C and 15N chemical shifts and pH values. (d) Plot of Cε1, Cg, Cd2, and Nε2 chemical shifts of histidine in LDH formulation as a function of the starting pH (red)
with reference to standard samples without the protein (black). The lyophilized LDH product contains 0.01% w/w LDH, 4.24% w/w histidine, 64.69% w/w trehalose, and 31.10% w/w
sodium phosphate. The relative ratio of histidine to phosphate is 1:5. The weight composition of the lyophilized HPV33 cakes were 0.721% HPV33 VLPs, 2.07% L-histidine, 5.00% 13C6,
15
N3 L-histidine, 25.3% sodium chloride, 0.133% polysorbate 80, and 66.7% trehalose.

indicates that biomacromolecular components in HPV vaccine does
not impact the acidity in the lyophilized formulations at given
conditions. We also tested the protocol on a lactate dehydrogenase
(LDH) protein formulation prepared from a starting solution with
10 mg/mL protein, 5% trehalose, and 20 mM labeled histidine at pH
7.5. Fig. 7D shows the Cε1, Cg, Cd2, and Nε2 chemical shift agree well
with the trend of chemical shift and pH previously established in
Fig. 4C. In a plot correlating chemical shifts of histidine with and
without LDH shown in Fig. S6D, one signiﬁcant chemical shift
change is observed for Nε2 nitrogen showing a difference of 1.2 ppm
in Fig. S7. As shown in Fig. S7, all 13C peaks overlay well between the
samples with and without the protein, suggesting the stability of
solid acidity. Therefore, the observation of chemical shift change of
Nε2 might indicate histidine-protein interaction. Multiple possible
interactions of histidine and protein sites have been reported previously, including p- p and hydrogen- p interactions with aromatic
residues and cationic- p interactions in which the histidine can act
as both the cation role and the aromatic p-motif depending on the
pH.47 Hydrogen bonding between stabilizing carbohydrates with
dried proteins was shown to be important for stabilizing freezedried proteins.48,49
Discussion
Biologics are often buffered and stored in frozen or lyophilized
state. Undesired pH changes can occur during freezing step in
freeze-drying potentially resulting in the instability of macromolecules in the ﬁnal lyophile. The pH shifts in frozen aqueous solution
have been well documented in previous studies. For example,
Suryanarayanan and coworkers investigated pH shifts in protein
formulations upon freezing by utilizing a low temperature electrode.9,11,14,30 This enabled investigation of protein aggregation11
and salt disproportionation44 caused by pH shift upon cooling
to 25  C. The detection of pH shift in frozen solutions using the
same technique also enabled the study of inhibition effect of
trehalose and mannitol on pH shift in PBS buffer.14 In addition, pH

shifts of 0.7e1.9 units for frozen solutions of 200 mM histidine
buffer solution prepared at pH 5.0 to 7.0 have been observed using a
low-temperature pH meter.30 In a study to investigate the effect of
buffer and stabilizer on the stability of LDH during freezing, AlHussein et al. detected pH changes in the formulations by adding
an universal pH indicator to the formulations prior to freezing.32
However, to our knowledge, an non-invasive method to probe pH
of freeze-dried pharmaceutical solids is not yet available prohibiting detailed quality assessment of drug products. pH measurement
of solids is not applicable by electrodes or universal pH solution due
to the absence of hydrogen cations solvated in solution.
The NMR-based chemical shift approach to determine pH of
solution relies on the presence of fast chemical exchange between
acid (HL, a proton donor) and base (L, a proton acceptor) forms of
indicator species and thus a single chemical shift is observed. The
observed chemical shift (dobs ) is the weighted average of the two
forms at equilibrium:

dobs ¼ cHL dHL þ cL dL

(1)

where dHL and dL are the limiting chemical shifts of the acid and
base forms, respectively, and weighting factors cHL and cL are the
corresponding molar factions. For an monoprotic base with known
protonation constant K and limiting chemical shifts dHL and dL , the
pH is deﬁned by a Henderson-Hasselbalch type expression and can
be calculated from the observed chemical shift (dobs ) using the
following equation50:

pH ¼ log K þ log

dobs  dHL
dL  dobs

(2)

Equation (2) is the principle of determining solution pH using
monoprotic base with at least one NMR active nucleus as a pH indicator. The capacity of NMR spectroscopy to monitor in situ and ex
situ pH changes has been demonstrated for a variety of indicators
by observing 1H, 13C, 15N, 19F, and 31P.50e58 By performing a titration
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curve of the chemical shift as a function of pH in the exact buffer
conditions, one can establish the equivalence between proton
chemical shift of ionizable compounds and the pH value.59,60 13C
magnetic resonance imaging and dynamic nuclear polarization
technique have been used for measuring in vivo tissue pH by
determining the ratio of hyperpolarized bicarbonate (H13CO
3 ) and
CO2 following intravenous injection of hyperpolarized bicarbonate.53 31P magnetic resonance spectra have also been utilized to
calculate extracellular pH of tumors.61 Simultaneous detection of
1
H and 31P spectra allows monitoring of pH calculated from the
measured chemical shifts during chemical reaction and enzyme
catalysis.62 Several series of organic compounds of known basicity
whose carbon-bound protons chemical shifts respond to pH
changes have been published as pH indicators in NMR-based
determination of pH.50,54e57
Equations (1) and (2) suggest the chemical shift dependence on
pH values. Histidine is an ideal pH indicator due to the presence of
four protonation sites. The proton chemical shift of histidine shows
a high sensitivity on probing pH changes of pH and salt concentration in solution.59 With a pK of 7.22, imidazole ring has been
commonly utilized as a pH indicator in the range of 5.5e8.9.50,56
Chemical shift changes of successive deprotonation states have
been identiﬁed in the solid state showing potential as a pH indicator in crystalline and lyophilized solids.35,39 Generally, the relatively sharp and broad peaks in crystalline and lyophilized samples
represent highly ordered structure and conformational inhomogeneity, respectively (Fig. 2). Histidine samples prepared from
crystallization showed well-resolved peaks allowing the identiﬁcation of the cationic and neutral forms.33 As illustrated by the
peaks in the dotted line in Fig. 6, for example, cationic and neutral
forms respectively give Cd2 chemical shifts at 113.6 and 119.4 ppm,
and Nε2 chemical shifts at 176.3 and 171.1 ppm. However, at pH 6.0,
a value equal to a pKa, the broad peaks of amorphous histidine
samples cover the chemical shifts of both cationic and neutral
forms (blue and red spectra in Fig. 6), exhibiting a distribution of
protonation states. For example, the broad peaks of Cd2 in amorphous histidine centered at 118.1 and 116.3 ppm with and without
sodium phosphate (Fig. 6B), respectively. Interestingly, amorphous
histidine in lyophilized formulations without sodium phosphate
exhibit an even broader peak of Nε2 at 168.9 ppm in the blue
spectrum in Fig. 6A, which covers a range of chemical shifts representing cationic and neutral states. In contrast, the Nε2 peak of the
sample with sodium phosphate in the red spectrum in Fig. 6A
centered at 174.6 ppm, suggesting the cationic state is more
dominating than that without phosphate buffer. This comparison
suggests that the utilization of sodium phosphate helps to maintain
the protonated state of histidine near pKa, and thus the probed
acidity, in the amorphous matrix.
Deprotonation of the imidazole ring induced by an increasing
pH causes charge redistribution and electric deshielding changes,
which explains the pH dependence of chemical shifts. However,
different carbon and nitrogen atoms of the imidazole ring vary in
the sensitivity and capacity when responding to pH changes. In
crystalline histidine,33 Cd2 and Nε2 showed monotonical shifts from
the cationic form to the ionic state with a shift of 5.8 ppm and
9 ppm, respectively. Changes of Cε1 chemical shift were within
1 ppm upon two-step deprotonation from pH 4.5 to 11. The
deprotonation of Nd1 also caused a signiﬁcant downﬁeld shift of Cg
from 128.7 ppm in the cationic form to 137 ppm in the neutral form.
Cg of the anionic t tautomer has a chemical shift similar to that of
the neutral state. In our study, consistent with the crystalline form,
monotonical shifts of Cd2 and Nε2 are also identiﬁed in amorphous
histidine from pH 4.5 to 11 upon deprotonation of Nd1 of the
imidazole ring and the amino end. The absolute chemical shift
changes for Cd2 and Nε2 were 3.4 ppm and 8.8 ppm, respectively.
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Due to the overlapping of Cg signal with Cε1 in amorphous histidine
at pH 6 and above, the observed peak shifting of Cε1 is partially
attributed to the shifting of Cg. The downﬁeld shifts of Cg result
from a combined effect of deprotonation and tautomerization of
the imidazole ring. Taken together, our results suggest chemical
shifts of Cd2 and Nε2 of histidine are good candidates for probing the
change of microenvironmental acidity in amorphous formulations
since their peaks are resolved and show monotonical shifts in a
wide range.
Delpuech and co-workers show that acid dissociation constants
of pKai measured in lyophilized histidine can be calculated from the
acid-to-base molar ratio (r) in the lyophilizate and the pH of the
parent solution.39 Using 13C solid state NMR, they determined that
pKa values of the three consecutive deprotonation processes are
very close to those reported in solution. It was therefore indicated
that a conventional pH in solution can be assigned to the lyophilized powder, which corresponds to the pH measured in the parent
liquid under the same ionic strength and temperature. In contrast
to our study, their lyophilized histidine exhibited remarkable
spectral resolution in which the base and acid forms at each pH
were well resolved, allowing for chemical shift assignments of each
form. Such narrow linewidth of ssNMR spectra might indicate
several histidine samples lyophilized from solutions were in crystalline form instead of amorphous form in their study. In contrast,
the goal of our study is to evaluate the protonation states of
amorphous histidine samples. We show that a combination of 5 w/
v% trehalose and 20 mM histidine in the formulation is an effective
method to prevent histidine and buffer crystallization (Fig. 2A),
making it possible to evaluate the pH-dependence of chemical
shifts of histidine in the amorphous form. We show that 13C and 15N
chemical shifts of amorphous histidine are sensitive indicators of
solid-state pH. In the formulation solution, pH affects the equilibrium of histidine protonation and tautomerization states which
have distinct chemical shifts. Due to an equilibrium of different
forms in dry state, the change of amorphous histidine chemical
shifts is shown to well correlate with solid state pH (Fig. 4). In
addition, the maintenance of the amorphous state of histidine has
been shown to be important for its stabilizing effect in freeze-dried
protein formulations.32 We then further demonstrate the incorporation of histidine into protein and vaccine formulations as a
promising approach for monitoring microenvironmental pH of
solid-state protein drug products (Fig. 7). The 13C and 15N isotopically labeled histidine utilized in this study signiﬁcantly improves
the ssNMR sensitivity by approximate 90 and 270 folds, respectively, considering the natural abundance of 13C (1.1%) and 15N
(0.37%). Natural abundance histidine in formulations produced in
the industrial practice can also be readily used to indicate pH
changes in lyophiles as shown in Fig. S2, with the price of a longer
acquisition time. Moreover, 1H represents the most NMR-sensitive
nuclei and particularly useful to probe the change of acidity.
However, 1H spectra at moderate spinning frequencies, e.g.,12 kHz,
cannot offer the resolution to unambiguously identify the protonation states. Recent advances on ultrafast magic angle spinning
signiﬁcantly narrow the proton linewidth by averaging the spin
interactions and can be utilized to obtain accurate 1H chemical
shifts of crystalline and amorphous solids in future studies.63e65
Since the change in formulation pH can affect stability of biologics and result in protein denaturation, we expect this method
can be used to not only measure pH changes in biologic solids but
also provide an indicator of potential instability. Further studies
will focus on the correlation between histidine chemical shift
changes and protein stability. Lyophilized pharmaceutical formulations usually show signiﬁcant line broadening of NMR signals as
shown in our study, which prevent identiﬁcation of different protonation states of histidine and thus quantitative determination of
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pH. Recent progress of ultrafast MAS (UF-MAS) signiﬁcantly narrows proton spectral linewidth and enables proton detection at a
high resolution.63e68 The application of 1H detection at UF-MAS can
provide the spectral resolution and sensitivity to observe imidazole
protons for identifying different histidine protonation states,
without the need of isotopic enrichment.
Conclusions
Microenvironmental acidity of solid-state protein formulation
can shift during the freezing and drying process in lyophilization,
resulting in instability of drug substances and products. We
developed a ssNMR spectroscopic protocol to probe microenvironmental pH of lyophilized biological products in a non-invasive
manner by detecting the chemical shift changes of histidine. The
incorporation of 13C, 15N isotopically labeled histidine, a common
buffer or stabilizer, in the formulation enables fast acquisition of 1D
and 2D ssNMR spectra for chemical shift assignments of amorphous histidine. 13C and 15N chemical shifts of amorphous histidine
are shown to well correlate with the pH of solutions the lyophilized
powder was prepared from, and therefore can be used to probe pH
changes in lyophilized samples. With (5 w/v%) trehalose in the
formulation, the different capacity of sodium phosphate buffer
showed minor impact on solid state pH. Furthermore, a pH
dependent chemical shift change of histidine is established in
model vaccine and protein formulations. This work provides likely
the ﬁrst documented case to probe pH of lyophilized biologics using
histidine as a molecular probe. In future work, we expect to further
develop this method to probe the impact of buffer, protein, and
other excipients on pH shift in freeze-dried samples and its correlation with formulation stability.
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