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Abstract

Mannitol, leucine and trehalose have been widely used in spray-dried formulations, especially 

for inhalation formulations. The individual contribution of these excipients on protein physical 

stability in spray-dried solids were studied here using bovine serum albumin (BSA) as a 

model protein. The spray-dried solids were characterized with scanning electron microscopy 

(SEM), powder X-ray diffraction (PXRD) and solid-state Fourier-transform infrared spectroscopy 

(ssFTIR) to analyze particle morphology, crystallinity and secondary structure change, 

respectively. Advanced solid-state characterizations were conducted with solid-state hydrogen-

deuterium exchange (ssHDX) and solid-state nuclear magnetic resonance (ssNMR) to explore 

protein conformation and molecular interactions in the context of the system physical stability. 

Trehalose remained amorphous after spray drying, and was miscible with BSA, forming hydrogen 

bonds to maintain protein conformation whereby this system showed the least monomer loss in 

the stability study. As indicated by ssNMR, both crystalline and amorphous forms of mannitol 

existed in the spray-dried BSA-mannitol solids, which explained its partial stabilizing effect 

on BSA. Leucine showed the strongest crystallization tendency after spray drying and did not 

provide a stabilizing effect due to substantial immiscibility and phase separation with BSA as 

a result of crystal formation. This work showed novel applications of ssNMR in examining 

protein conformation and protein-excipient interaction in dry formulations. Overall, our results 

demonstrate the pivotal role of advanced solid-state characterization techniques in understanding 

the physical stability of spray-dried protein solids.
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Introduction

Stability is one of the major challenges in the development of pharmaceutical protein 

products. Compared to small molecules, proteins tend to be subjected to more physical 

and chemical changes, introducing challenges throughout manufacturing and storage.1 The 

larger size of proteins also limits the available routes of administration due to their low 

permeability across various biological membranes.2 Intravenous administration is common 

for protein products and solution formulations are usually desirable. However, the storage 

stability of proteins in solutions is often limited.3 Lyophilization has long been utilized in 

the pharmaceutical industry to manufacture solid dosage forms of biologic products, aiming 

to preserve protein structure and extend shelf-life.4–6 Nevertheless, there are still inevitable 

disadvantages of lyophilization as a drying technique. For example, the lyophilization 

drying process is time-consuming and drying efficiency is low.7 Lyophilization can take 

up to several days to achieve a satisfactory moisture content in the product. Additionally, 

lyophilized solids form a cake in vials as the final dosage form rather than particles/powders. 

If a particle/powder form is preferred (e.g. for pulmonary delivery), lyophilized solids would 

require further processing steps such as milling to generate particles,8 which in turn could 

introduce extra mechanical stresses on proteins.9, 10 Thus, alternative drying techniques 

are needed to improve drying efficiency as well as to produce particles that meet certain 

administration criteria (e.g. for inhalation).

In recent years, spray drying has emerged as a practical drying technique for therapeutic 

biologics. For instance, spray drying was used to manufacture the inhaled insulin product, 

Exubera®.11 In 2015, the biological product, Raplixa, produced by aseptic spray drying 

was approved by US FDA.12 However, there have been concerns regarding the stability of 

spray-dried protein solids due to the exposure of protein molecules to thermal and shear 
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stresses.13, 14 For the development of spray-dried protein products, it is crucial to understand 

stability during drying and upon storage.

Protective excipients are often added to lyophilized protein formulations, and the stabilizing 

effects of excipients on proteins have been widely studied for lyophilized products.15–17 

Disaccharide excipients such as sucrose and trehalose are commonly used as lyo-protectants 

due to their ability to maintain an amorphous solid matrix after lyophilization with reduced 

molecular mobility, and/or formation of hydrogen bonds with the protein, maintaining the 

native-state conformation by replacing water.4, 18 Spray-dried sucrose formulations tend 

to crystalize during storage due to low glass transition temperature (Tg) at around 60 °C; 

trehalose exhibits a much higher Tg value usually above 100 °C,19 which is preferred in 

formulations for high-temperature processes such as spray drying.20 In specific products 

manufactured by spray drying for inhalation, excipients such as mannitol and leucine 

have been employed, but fundamental understanding of the impact of these excipients, 

particularly leucine, on the stability of spray-dried protein solids is scarce. Mannitol is 

among the limited number of excipients that have been used in the FDA-approved inhalation 

products.21 It is generally a bulking excipient in lyophilized protein solids to maintain the 

cake shape.22 The crystallization of mannitol during lyophilization or spray drying may 

compromise its capability to stabilization protein solids.20, 23–25 Though leucine has not 

been used in the FDA-approved inhalation products, it has been reported in many studies 

to enhance the aerosol performance of spray-dried powder formulations for pulmonary 

delivery.26–28 Nevertheless, most previous studies of inhalation formulations focus on the 

excipient impact on aerosolization rather than stability; there is a need for a mechanistic 

study of the effects of these excipients on the stability of spray-dried protein solids.

As reported in the previous study, four model proteins including myoglobin, bovine serum 

albumin, lysozyme and β-lactoglobulin were formulated with sucrose, trehalose or mannitol 

and processed by either lyophilization or spray drying.20 The storage stability of these solids 

were studied and correlated with solid-state hydrogen-deuterium exchange (ssHDX) results. 

The previous study has shown that the lyophilized solids in general have relatively better 

physical stability compared to the spray-dried solids. ssHDX suggested that spray drying 

has generated a more heterogeneous solid matrix compared to the lyophilized solids, which 

could contribute to the protein physical instability.20 In the work reported here, more efforts 

have been made to understand the individual contribution of mannitol and leucine as the 

excipients in the spray-dried solids to the protein physical stability. Bovine serum albumin 

(BSA) was selected as the model protein. BSA has been prepared with each excipient 

separately as a simplified formulation to understand the correlation between excipient status 

in spray-dried solids and protein physical stability. Trehalose was used as a stabilizing 

excipient for comparison and spray-dried BSA without any excipient was included as a 

negative control.

The spray-dried formulations were characterized using several solid-state characterization 

techniques to provide information on protein conformation and on the solid matrix. 

Crystallinity in all the spray-dried BSA solids was initially evaluated using powder X-ray 

diffraction (PXRD) and changes in the secondary structure of BSA were detected using 

solid-state Fourier-transform infrared spectroscopy (ssFTIR). ssHDX was applied to study 
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changes in protein conformation and matrix interactions with higher resolution. In particular, 

we studied the interactions between excipient and protein in the spray-dried solids using 

solid-state nuclear magnetic resonance (ssNMR) in the current study. ssNMR has been 

proved to be a useful technique to examine dynamic information regarding molecular 

interactions in pharmaceutical solid formulations.29, 30 This advanced spectroscopic tool 

enables high-sensitivity investigation in protein and peptide structures and interactions.31, 32 

The comprehensive characterization studies facilitated an understanding of the underlying 

mechanisms in protein stability/instability caused by various excipients.

Materials and Methods

Materials.

Bovine serum albumin (BSA) was purchased from Sigma Aldrich (St. Louis, MO) 

as a lyophilized powder (≥98%). D-(+)-Trehalose dihydrate and lithium chloride were 

obtained from Fisher Scientific (Fair Lawn, NJ). D-mannitol, L-leucine, anhydrous methanol 

(99.8%), potassium phosphate monobasic, potassium phosphate dibasic, sodium phosphate 

dibasic heptahydrate and sodium hydroxide were obtained from Sigma Aldrich (St. Louis, 

MO). Sodium phosphate monobasic was purchased from ACROS Organics (Geel, Belgium). 

Phosphoric acid (85%, certified ACS), MS-grade water and MS-grade acetonitrile were 

purchased from Fisher Scientific (Fair Lawn, NJ). Deuterium oxide (D, 99.9%) was obtained 

from Cambridge Isotope Laboratories, Inc. (Andover, MA). Formic acid (99+%) was 

purchased from Thermo Scientific (Rockford, IL).

Formulation Preparation.

BSA was dissolved in 2.5 mM potassium phosphate buffer (pH 6.8) and transferred to a 

dialyzed cassette (Slide-A-Lyzer, 10,000 MWCO, Thermo Scientific, Rockford, IL). BSA 

stock solution was dialyzed overnight against the same potassium phosphate buffer. Stock 

solutions of trehalose, D-mannitol and L-leucine were prepared by dissolving each excipient 

in 2.5 mM potassium phosphate buffer (pH 6.8). The stock solutions of dialyzed BSA 

and excipient were mixed to reach a total solid concentration of 20 mg/ml with a weight 

ratio of BSA: excipient of 1:1. For the BSA formulation with no excipient, the stock 

solution of dialyzed BSA was diluted with the above potassium phosphate buffer to 20 

mg/ml. Excipient solutions without BSA were prepared by dissolving excipients (trehalose, 

D-mannitol or L-Leucine) in 2.5 mM potassium phosphate buffer (pH 6.8) to a solid content 

of 20 mg/ml. Each solution was filtered using a syringe driven filter unit (0.1 μM, Merck 

Millipore Ltd., Ireland) prior to spray drying.

Spray Drying Process.

Spray drying process parameters can affect physico-chemical properties and stability of 

proteins.29, 33, 34 The above formulations were spray-dried in a Mini Spray Drier B-290 

(BUCHI, New Castle, DE) using methods based on our previous studies.20, 35, 36 The 

inlet temperature was set at 120 °C, allowing the formation of droplets without exposing 

the protein to extremely high temperature. The resultant outlet temperature was in the 

range of 60–70 °C. The solution feed rate was 2 ml/min and the air volumetric flow rate 

was 600 L/min. After collecting the spray-dried powder of each formulation, the powder 
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was transferred into clear glass vials (2 ml vial, Wheaton, Millville, NJ). The spray-dried 

samples were further dried in a lyophilizer (REVO® Freeze Dryer, Millrock Technology, 

Kingston, NY) at 30 °C under 100 mTorr for 24 hrs, to minimize the effect of residue 

moisture on protein stability. Samples were crimped with aluminum seals (13 mm, Wheaton, 

Millville, NJ) and stored at −20 °C before use.

Moisture Content Measurement.

A 917 KF Coulometer (Metrohm, Riverview, FL) was used to measure the moisture content 

of the spray-dried samples. Solid samples were reconstituted with anhydrous methanol, the 

weight of which was recorded. The solution was injected into the coulometer. The weight of 

the injected solution and the moisture content (in ppm) were recorded and the final results 

were converted to weight percentage (w/w%). Each formulation was measured in triplicates.

Scanning Electron Microscopy (SEM).

Particle morphology in the solid formulations was visualized using a Teneo VS SEM 

(FEI Company, Hillsboro, Oregon). Solids were mounted on a specimen stub followed by 

sputter-coating with platinum for 60 seconds. Images were captured using built-in software 

at 2kV or 5kV.

Physical Stability by Size Exclusion Chromatography (SEC).

Sealed vials of each formulation were placed in a sealed bag filled with desiccant and stored 

in an incubator at 40 °C. Samples were collected at 15, 30, 60 and 90 days and reconstituted 

to reach a protein concentration of 1 mg/ml. Each solution was centrifuged at 12,000 rpm 

for 10 min at 4°C and the supernatant was transferred to a HPLC vial for analysis. Samples 

were analyzed using an Agilent 1260 Infinity series HPLC (Santa Clara, CA) with a TOSOH 

TSKgel® G3000SWXL column (7.8 mm I.D. × 30 cm, 5 μm). Protein was eluted over 

16 min with a flow of 100 mM sodium phosphate buffer (pH 6.8) at 1 ml/min. HPLC 

chromatograms were collected with UV at 215 nm.

Solid-state Fourier Transform Infrared Spectroscopy (ssFTIR).

Secondary structures of BSA in the spray-dried solids were measured using a Thermo 

Nicolet Nexus FTIR (Thermo Scientific, Waltham, MA) equipped with a Smart iTR 

accessory. Measurements were performed in the attenuated total reflectance mode. Each 

solid sample was loaded on a flat surface and pressed against the diamond by a metal 

anvil. The absorbance spectrum was collected from 800 to 4000 cm−1 using 128 scans 

with a resolution of 4 cm−1. Collected data was processed using the OPUS 6.5 software 

(Bruker, Billerica, MA) following the steps of baseline-correction, smoothing, normalizing 

and second derivatization.

X-ray Powder Diffraction (XRPD).

Crystallinity in the spray-dried solids was determined using XRPD (Rigaku SmartLab XRD 

600 diffractometer, The Woodlands, Texas, USA) with a Cu Kα X-ray source. Each sample 

was loaded on a glass slide and placed onto the slide-holder. Data was collected from 5° to 

40° 2θ with 0.02 increments.
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Glass Transition Temperature (Tg) Measurement.

Tg values of amorphous solid formulations were analyzed by modulated differential 

scanning calorimetry (MDSC) (DSC 25, TA Instruments, New Castle, DE). Samples were 

prepared in a glove box with constant nitrogen flow, maintaining the atmospheric moisture 

content below 10%. Approximately 4 mg of each sample was loaded into a Tzero Pan which 

was sealed with a Tzero hermetic lid (TA Instruments, New Castle, DE). Samples were 

heated from 5 °C to 180 °C at 2 °C/min with a modulation period of 60 s and a modulation 

amplitude of ± 1 °C.

Solid-state Hydrogen-Deuterium Exchange with Mass Spectrometric Analysis (ssHDX-MS).

Saturated LiCl solution in D2O was placed in a desiccator at room temperature to reach a 

relative humidity (RH) condition of 11%. Open vials containing solid samples were exposed 

to D2O vapor at 11% RH in the desiccator. Approximately 3–5 vials of each formulation 

were collected from the desiccator at the following time points: 4 h, 12 h, 24 h, 48 h, 120 h 

and 240 h. To quench the hydrogen-deuterium exchange reaction, samples were immediately 

immersed into liquid nitrogen and stored at −80 °C until analysis.

Deuterium uptake of BSA in each sample was analyzed using LC-MS (1260 Infinity Series 

HPLC; 6230 TOF LC/MS; Agilent Technologies, Santa Clara, CA). Solvents were used as 

following: MS-grade water with 0.1% formic acid (solvent A) and MS-grade acetonitrile 

with 0.1% formic acid (solvent B). The LC system was connected to a custom-built cooling 

unit, which was maintained at ~1 °C. This unit lowers the temperature of solvent, loops 

and columns to minimize back exchange in the samples before the protein reaches the 

MS detector. Ice-cold H2O (2 ml) containing 0.2% formic acid (pH ~2.5) was used to 

reconstitute the solid sample. An aliquot of 10 μL solution was injected onto a protein 

microtrap (Michrom Bioresources, Inc., Auburn, CA). A constant flow of 90% solvent A 

was run for 2 min to desalt the sample. Protein was eluted over 8 min with a gradient flow 

from 10% to 90% solvent B. Protein mass was obtained after deconvolution from mass 

spectra using the MassHunter Workstation Software Version B.07 (Agilent Technologies, 

Santa Clara, CA).

Kinetics of ssHDX were fitted to a mono-exponential association model using Prism 

GraphPad software Version 9 (San Diego, CA):

D t = Dmax 1 − ekt
(1)

where D(t) is the number of deuterons taken up at a given time t, Dmax is the maximum 

deuteron uptake at long D2O exposure time, and k is the observed first-order rate constant of 

deuterium incorporation.

Solid-state Nuclear Magnetic Resonance (ssNMR) Spectroscopy Analysis.

Solid-state NMR experiments were carried out using a Bruker Avance III 400 spectrometer 

(Bruker BioSpin Corporation, Billerica, MA) with 1H frequency of 400.13 MHz and 

equipped with a 4 mm H/X probe in the Biopharmaceutical NMR Laboratory (BNL), 

Pharmaceutical Sciences, MRL at Merck & Co. (West Point, PA). The samples were spun at 
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12 kHz. 1H 90° pulse was 3 μs to excite 1H magnetizations. To transfer the magnetization 

from 1H to 13C, the power of 1H and 13C channels was matched to Hartmann-Hahn 

condition for cross polarization (CP) transfer. A ramped pulse of 50%–100% was used 

on the 1H channel to expand the CP matching condition and the CP contact time was 

set to 1 ms. High power decoupling of 83.3 kHz on the 1H channel was applied during 

data acquisition. 1D 1H-13C CP spectra were acquired with 2k number of points of up 

to 34.4 ms in the direct dimension and averaged with 2k to 8k scans. The corresponding 

experimental time was between 1 to 4 h. T1 and T1ρ are the spin-lattice relaxation times 

in the laboratory and rotating frames, respectively. Considering the time scales of the two 

relaxation properties, T1 and T1ρ are often used to evaluate phase separation in solids 

at the 20–100 nm and 1–20 nm length scales, respectively.30 1H T1 measurements were 

performed using a saturation recovery sequence with 13C detection. After a 1H 90° pulse, 

there is a delay time (τ1) on the proton channel before CP transfer to 13C for detection. 

Pseudo 2D experiments with eleven τ delays in the range of 0.5 to 20 s were acquired. T1ρ 
measurements used a 1H-13C CP sequence with a spinlock applied on 1H after the 1H 90° 

pulse for a delay time τ2. High spinlock power of 83 kHz was used. Pseudo 2D experiments 

with an increasing τ2 delay from 1 ms to 40 ms were acquired.

1D 13C spectra were processed with Fourier Transformation, Gaussian Multiplication, and 

zero filling. In the 1H T1 and T1ρ measurements, integrated peak areas of protein or 

excipient were plotted as a function of delay times and the T1 and T1ρ values were obtained 

by exponential fitting using software TopSpin v3.5. The 13C chemical shift is referenced to 

the CH2 group of adamantane at 38.26 ppm. The protein structure in Fig. 6C was generated 

with UCSF Chimera.37

Results

Moisture Content by Karl Fischer Titration.

The moisture content of all samples was below 1% (Table 1).

Morphology by SEM.

Compared to the lyophilized protein solids, which usually exhibit flake-like sheets,38–40 the 

spray-dried formulations presented as raisin-like wrinkled particles (Fig. 1). Most particles 

had diameters less than 5 μm, which could be appropriate for inhalation products.41, 42 

BSA-trehalose particles have a similar morphology to those comprised of BSA without any 

excipient. BSA-mannitol solids exhibited irregular wrinkled shapes. Particles in the BSA-

leucine formulation had donut-like shapes and were less wrinkled than other formulations. 

Particle sizes were estimated based on SEM images using an open-source sizing software 

ImageJ developed by National Institute of Health (NIH).43, 44 The estimated D50 value was 

1.1 μm for the BSA without any excipient, 1.3 μm for the BSA-trehalose, 1.5 μm for the 

BSA-mannitol and 1.1 μm for the BSA-leucine.

Physical Stability by SEC.

Accelerated stability studies were conducted under 40 °C incubation for 90 days, and BSA 

monomer content was recorded (Fig. 2). Before spray drying, the BSA monomer content 

Chen et al. Page 7

Mol Pharm. Author manuscript; available in PMC 2023 March 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in feedstock solution was around 96%. The difference in the monomer content between 

feedstock and spray-dried solids at t=0 could result from the minor loss due to the drying 

process, which is dependent on the formulation.45 For samples at t=0, the BSA monomer 

content in spray-dried solids without any excipient, and with trehalose, mannitol or leucine 

was: 87.9±0.1%, 91.1±0.2%, 90.5±0.5% and 85.2±1.4%, respectively. At t=90 days, the 

remaining BSA monomer detected in the solids without any excipient, and with trehalose, 

mannitol or leucine was 68.8±0.1%, 87.2±0.3%, 78.2±0.5% and 71.5±0.3%, respectively. 

Overall, trehalose was the best protectant, mannitol showed some stabilizing effect, and 

leucine and excipient-free formulations had the poorest stability in these spray-dried BSA 

samples.

PXRD and Tg.

The spray-dried BSA samples without any excipient showed no crystalline peak and the 

BSA-Trehalose solids also exhibited the characteristic amorphous halo (Fig. 3A, B). The 

BSA-Mannitol solids showed some minor peaks which were difficult to distinguish from 

background noise (Fig. 3C). Sharp peaks were observed in the BSA-Leucine formulation 

and the peak positions were consistent with the spray-dried pure leucine (Fig. 3D). 

Further comparison was performed between the spray-dried BSA formulations with their 

corresponding excipient reference without BSA (Fig. 3B–D). Spray-dried trehalose was 

completely amorphous (Fig. 3B). Signature peaks were identified in spray-dried mannitol 

(Fig. 3C), which were much sharper than those in the BSA-Mannitol formulation. Similarly, 

peaks corresponding to those in pure leucine were observed in the BSA-Leucine formulation 

(Fig. 3D).

Based on the PXRD results, Tg values of the spray-dried BSA without any excipient and 

with trehalose were measured using modulated differential scanning calorimetry (MDSC). 

The heat flow spectrum of BSA without any excipient did not show a clear transition. Tg of 

the spray-dried BSA-trehalose solids was 114.0 °C. The thermogram is shown in Fig. S1.

Secondary Structure Change by ssFTIR.

BSA secondary structure primarily consists of α-helix strands spaced by random coils.46 

In the ssFTIR spectrum, α-helical structure is indicated by bands near 1658 cm−1 in the 

Amide I region.47 A perturbation of secondary structure can be indicated by a band position 

shift and/or an intensity change. ssFTIR spectra of BSA in the spray-dried solids and the 

as-supplied BSA (i.e., before spray drying) were acquired and the Amide I region is shown 

in Fig. S2. The FTIR band of BSA in all the formulation solids were observed within 

the range from1645 to 1655 cm−1, suggesting retention of the α-helix feature. The band 

intensity varied among the formulations. The secondary structure of the BSA spray-dried 

with trehalose exhibited a similar band position and intensity with that in the as-supplied 

BSA. BSA in trehalose formulation can be considered to be well-preserved since it has 

been widely used as a stabilizing agent in lyophilized protein formulations.48 BSA in the 

mannitol formulation exhibited a similar band shape and position as those in the trehalose 

formulation. The band shape was significantly altered for the spray-dried BSA without 

any excipient, though the solid remained largely amorphous as suggested by PXRD data 

(Fig. 3A). The secondary structure of the BSA spray-dried with leucine was disrupted 
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as suggested by the broadening in the FTIR band, consistent with poor stabilization of 

secondary structure by leucine.

Protein-matrix Interaction Analysis by ssHDX.

Deuterium incorporation by a protein in the solid state on exposure to D2O vapor 

can provide information on protein conformational integrity after processing, as well 

as changes in protein-matrix interactions. Disruption of hydrogen bonding patterns in 

destabilized proteins may result in a more open conformation or weaker matrix interactions, 

evidenced by greater incorporation of deuterons. The change in protein conformation can 

be detected with mass spectrometry by measuring mass increase.49 Greater deuterium 

incorporation has been correlated with higher extent of monomer loss in the storage 

stability studies.20, 50, 51 Excipients in the solid matrix can have stabilizing or destabilizing 

effects on protein conformation by interacting with it differently. Stabilizing excipients 

such as disaccharides help to maintain the homogeneous and native protein structure, 

rendering stable formulations.4, 52, 53 The kinetics of deuterium incorporation shows the 

deuterium uptake over a short time course, which is affected by stabilizing interactions with 

excipients. The deconvoluted mass spectra of proteins on ssHDX may also reveal protein 

conformational heterogeneity after spray drying.

The kinetic curves and corresponding parameters of deuterium update of the spray-dried 

solids are shown in Fig. 4 and Table 2. The rank order of Dmax from high to low was as 

following: BSA without any excipient > BSA-Leucine > BSA-Mannitol > BSA-Trehalose. 

BSA in spray-dried solids without any excipient was not protected, showing the highest 

Dmax value of deuterium incorporation. The lowest Dmax value of the BSA-Trehalose 

formulation is consistent with its greatest stabilizing effect. BSA-Mannitol formulation 

showed lower Dmax values than the BSA-Leucine formulation, which led to better stability 

in the SEC study.

The deconvoluted mass spectra of BSA in spray-dried solids after 240 h of D2O exposure 

were examined as an indicator of heterogeneity in protein conformation and/or matrix 

interactions in the solid samples. Each spectrum was compared to the non-deuterated BSA 

in solution and the spray-dried BSA without any excipient at the same time point (Fig. 

S3). The spectrum of the non-deuterated BSA in solution showed the protein conformation 

with isoforms before spray drying. Without any excipient, greater heterogeneity of BSA 

was shown after spray drying with peak broadening and merging of isoforms. In the BSA-

Trehalose formulation, the peaks of isoforms were distinguishable and peak broadening was 

less than in BSA without any excipient (Fig. S3 A). Merging of isoform peaks occurred 

in the mannitol formulation, and the degree of peak broadening was greater than in the 

trehalose formulation, (Fig. S3 B). The peak shape and width in the leucine formulation are 

similar to those in the BSA without any excipient, suggesting similar heterogeneity in the 

protein conformation and environment (Fig. S3 C).

The peak area and deuterium uptake at each time point were normalized against those of the 

fully deuterated BSA reported previously.20 At the high level of deuterium uptake, (> 30%) 

peak area values were comparable for BSA without any excipient and the BSA-Leucine 

formulation, which in turn were greater than those of the BSA-Mannitol formulation (Fig. 
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S4). In comparing the BSA-Trehalose with the BSA-Mannitol formulations at the same 

peak area, BSA in the mannitol formulation was more deuterated. This suggests that 

the conformation and matrix interactions of BSA in the mannitol formulation were more 

disrupted than in the trehalose formulation even though the proteins were in comparable 

heterogeneity levels in these two formulations. This also suggests that BSA in the mannitol 

formulation forms fewer inter- and intramolecular hydrogen bonds and was more exposed to 

D2O in the environment than that in the trehalose formulation.

Protein Conformation and Protein-excipient Interactions by ssNMR.

ssNMR was used to further study conformational changes of BSA and phase-separation 

behavior of the excipients in the spray-dried solids.54 Spectral linewidth of NMR can be 

used to evaluate the conformational homogeneity of proteins while the changes in chemical 

shifts indicate intermolecular interactions between protein and excipients.55 In the spray-

dried BSA without any excipient, protein backbone and sidechains including carbonyl, Arg 

Cξ, aromatic and aliphatic groups can be differentiated according to their unique chemical 

shifts in a range of 190 to 5 ppm as shown in Fig. 5A. 1D 13C spectra of the spray-dried 

protein solids with or without excipient were acquired and compared with those of pure 

excipients as references. BSA signals in the absence of excipients showed consistently 

broader peak patterns than in the spray-dried BSA with excipient (Fig. 5A). The broadened 

peaks indicate that BSA was amorphous after spray drying with and without any excipient. 

The crystallization tendencies of the three excipients were compared among the spray-dried 

formulations. First, the amorphous form of trehalose is consistently identified in both the 

spray-dried excipient reference and BSA-trehalose sample, highlighting its resistance to 

recrystallization. On the contrary, sharp NMR peaks of spray-dried pure mannitol suggest 

its strong tendency to crystallize at ambient conditions. Specifically, recrystallization of 

mannitol β-form was identified in the pure excipient reference (Fig. 5C).56 Broadening of 

mannitol signals was observed in the BSA-mannitol formulation suggesting the coexistence 

of amorphous and crystalline forms, in which the α polymorph of mannitol was dominant 

based on spectral comparison with previous studies.56 Leucine displayed comparably narrow 

linewidth in both the excipient reference and BSA-leucine formulation (Fig. 5B), which 

is consistent with its crystallinity as shown in the PXRD. The predominantly crystalline 

signals of leucine suggest its phase separation from the protein component. Interestingly, 

spray-dried pure leucine showed two sets of Cα (54.3 and 53.3 ppm) and Cβ (42.6 and 41.1 

ppm) peaks with almost equal intensity, presumably the result of two crystalline forms after 

spray-drying. Only one set of Cα (54.1 ppm) and Cβ (41.6 ppm) chemical shifts was found 

in the spray-dried BSA-leucine solids, indicating that one form becomes dominant when 

BSA is present.

1H NMR spin-lattice relaxation measurements have been widely applied to assess 

the homogeneity of small molecule drugs and excipients in amorphous solid 

dispersions.30, 57–61 The NMR relaxation values in the laboratory (T1) and rotating frame 

(T1ρ) of each component in a mixture reflect the averaged properties of multiple nearby 

nuclei due to homonuclear spin diffusion. Relaxation parameters on different timescales 

can be used to evaluate spin diffusion over different length scales. 1H T1, typically 1–10 

s, corresponds to a spin diffusion over ~ 20–100 nm, while 1H T1ρ, ranging from 1–10 
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ms, estimates spin diffusion over ~ 1–20 nm length scale. With the comparison of 1H T1 

and T1ρ of both protein and excipient, mixing of two components can be estimated on 

large and small scales in nanometer range. There would be three possible conditions: (1) 

comparable T1 and T1ρ between both components indicates homogeneity; (2) comparable 
1H T1 but different 1H T1ρ indicates that two components are relatively homogeneous at the 

20–100 nm scale but non-homogeneous at the 1–20 nm scale; (3) both 1H T1 and 1H T1ρ are 

different, suggesting phase separation at a scale greater than 20–100 nm.

1H relaxation parameters (Table 3) were used to analyze the homogeneity of BSA and 

excipient in spray-dried samples. Since leucine showed a strong crystallization tendency in 

the BSA formulation it was not included in the analysis. The BSA-trehalose formulation 

showed homogeneity at both 20–100 nm and 1–20 nm scales as indicated by comparable 
1H T1 and 1H T1ρ values between BSA and trehalose. This is expected, as trehalose is an 

excellent stabilizer for BSA. Due to the coexistence of crystalline and amorphous forms of 

mannitol, 1H T1 curve of the BSA-mannitol formulation was modeled as a two-component 

system, with a calculated relaxation time of with 15.94 s corresponding to the crystalline 

form and 2.79 s to the amorphous form. Mannitol crystallization after spray drying was 

expected considering its strong tendency to crystalize.62 The 1H T1 of the crystalline 

mannitol was significant different from that of the BSA, confirming phase separation at 

the 20–100 nm scale, as would be expected for a crystalline excipient. At the same time, 

the amorphous mannitol is homogeneously mixed with BSA at the 20–100 nm scale. The 
1H T1ρ was significantly different between BSA and amorphous mannitol, suggesting a lack 

of homogeneity at the 1–20 nm length scale. Part of mannitol were homogeneously mixed 

with BSA on a large length scale. Inhomogeneous domains of mannitol and BSA formed 

on the smaller length scale. These homogeneously mixed domains would differ in the ratio 

of mannitol and BSA on a local location. This has been observed in drug-polymer systems 

when the polymer level is relatively low compared to the drug level, indicating that the 

excess drug is not homogenously mixed with the polymer. Such microstructures containing 

both homogeneous and inhomogeneous mixtures of excipient and drug contributes to 

physical stability and drug release.61 Notably, the 1H T1 of BSA increased in the order 

of BSA without excipient < BSA-mannitol< BSA-trehalose. Longer relaxation times are 

an indicator of lower molecular mobility in lyophilized protein formulations, and usually 

correspond to better stability.63, 64 The results indicate that the molecular motion of BSA 

was hindered by the presence of trehalose molecules in a homogeneous mixture due to lower 

molecular mobility, and/or potential intermolecular interactions.65–67

The impact of sugar excipients on the BSA conformational distribution and potential 

intermolecular interactions was further investigated. A larger peak width in the NMR 

spectrum is usually indicative of a broader conformational distribution and/or dynamic 

disorders.68 BSA in trehalose and mannitol formulations both showed decreased linewidth 

as compared to BSA without any excipient (Fig. 6A, Table 3). This indicates that the higher 

energy conformations for BSA were not present in the presence of the excipients, although 

susceptibility broadening may also play a role, as the presence of excipients can result in 

a narrower line width for inhomogeneously-broadened lines. Moreover, as shown in Fig. 

6C, Arg sidechain -NH and -NH2 are largely involved in hydrogen bonding as H-donors 

to maintain the helical structure and tertiary folding of BSA. At ~157 ppm assigned to 

Chen et al. Page 11

Mol Pharm. Author manuscript; available in PMC 2023 March 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



sidechain Cξ of Arg, the signal in mannitol and trehalose formulations was shifted from 

that of BSA without any excipient (Fig. 6B). One possible explanation is the disruption of 

intramolecular hydrogen bonds in BSA and possible formation of new intermolecular bonds 

with sugar molecules 48 and can be explored further by using multidimensional ssNMR 

experiments.69, 70

Discussion

Spray drying is a promising drying method for biologics due to high drying efficiency as 

well as controlled particle characteristics such as size and shape. The spray drying process is 

considered to be intrinsically more aggressive than lyophilization, as molecules are exposed 

to hot gas through evaporation and to various interface and shear stresses, all of which 

may disrupt protein conformation and decrease stability during storage.13, 29, 71 Adding 

excipients to lyophilized formulations can effectively stabilize many proteins solids.5 

However, the systemic examinations of excipient effects on protein stability in spray-dried 

solids is limited. It is critical to have a better understanding of the relationship between 

protein-matrix interactions and storage stability for the spray-dried solids.

Disaccharides are considered to be stabilizing excipients for their ability to form direct 

hydrogen bonds with proteins in solid to stabilize their structure, and/or maintain amorphous 

state to reduce matrix mobility.4, 18 Here, the solid matrix remained amorphous in the BSA-

Trehalose formulation (Fig. 3B) and the secondary structure of BSA was well preserved as 

compared to that in the spray-dried BSA without any excipient (Fig. S2). Crystalline peaks 

of leucine were observed in PXRD data (Fig. 3D) and the secondary structure of BSA in the 

leucine formulation was disrupted (Fig. S2). Phase separation between amorphous BSA and 

crystalline leucine in the BSA-Leucine formulation was observed and may have contributed 

to the decreased protective interactions between BSA and leucine, which resulted in low 

monomer level by in the stability study (Fig. 2). For the spray-dried BSA-Mannitol solids, 

ssFTIR suggested that the secondary structure of BSA was well preserved (Fig. S2) while 

crystallization of mannitol cannot be completely determined by PXRD (Fig. 3C). However, 

in stability studies, mannitol did not stabilize BSA in spray-dried solids to the same extent as 

trehalose (Fig. 2).

A more detailed understanding of protein conformation and interactions in the solid 

matrix in the various BSA formulations was achieved with ssHDX and ssNMR. As 

suggested by the Dmax value from the kinetics of ssHDX, the conformation of BSA was 

preserved in the order of trehalose > mannitol > leucine > no excipient (Table 2). Similar 

results were obtained in the reduced carbonyl linewidth of BSA in the BSA-Trehalose 

formulation and the BSA-Mannitol formulation (Table 3). With no excipient, the intra- and 

intermolecular interactions in BSA solids were disrupted, leading to a more heterogeneous 

protein conformation (Fig. S3 and S4). Trehalose may interact with BSA through hydrogen 

bonding, thereby preserving protein conformation and enhancing stability (Fig. S3 and S4). 

The direct interaction between BSA and leucine could be hardly observed (Table 2, Fig. 

S3 C) and the stabilizing effect of leucine was negligible (Fig. 2), observations that may 

reflect phase separation of the protein and the crystalline formation of leucine in the solid 

matrix (Fig. 3D). As suggested by the 1D 1H-13C cross-polarization spectra (Fig. 5 B), one 
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dominant form of crystalline leucine existed in the spray-dried solids with the existence of 

BSA, while two forms of crystalline leucine were almost equally detected without BSA, 

demonstrating that the presence of the protein has affected the crystal form of leucine.

Mannitol in the spray-dried formulation provided a partial protective effect, which 

differed from both trehalose and leucine. The ssNMR study provided some fundamental 

understanding regarding the behavior of mannitol. The solid matrix formed by mannitol was 

a mixture of an amorphous form and a crystalline form (Fig. 5C, Table 3). The crystalline 

form of mannitol was phase-separated from BSA at both 20–100 nm and 1–20 nm scales, 

while its amorphous form was miscible with BSA at 20–100 nm but phase-separated at 1–20 

nm (Table 3). Mannitol, particularly the amorphous mannitol in the solid matrix, formed 

some hydrogen bonds to stabilize BSA, and Arg was identified as an important H-bond 

donor (Fig. 6C). The chemical shifts of Arg Cξ peaks were comparable in the mannitol 

and trehalose formulations, suggesting that they could have interacted with BSA in similar 

hydrogen bonding patterns. However, phase-separation due to immiscibility between the 

amorphous BSA and the crystalline mannitol disrupted the protein conformation somewhat, 

as evidenced by higher levels of deuterium uptake than in the trehalose formulation (Fig. S3 

A and B, Fig. S4).

It is worth noting that the PXRD crystalline peaks of spray-dried pure mannitol were 

much stronger and sharper than those of mannitol in the BSA-Mannitol formulation (Fig. 

3), suggesting that BSA suppressed the crystallization tendency of mannitol. In a study 

of a lyophilized monoclonal antibody (mAb) formulation, crystallization of mannitol in 

protein solids was related to protein concentration.72 With 5% (w/w) of mannitol in 

solution before lyophilization, the effect of the mAb on inhibiting mannitol crystallization 

was observed at 20 mg/ml, and enhanced when the concentration increased from 30 to 

50 mg/ml, as suggested by the change in glass transition temperature of the maximally 

freeze-concentrated amorphous phase (T’g).72 Here, the presence of BSA in the formulation 

generated different polymorphs of mannitol after spray drying (Fig. 3C, Fig. 5C). Briefly, 

the relatively sharp 13C NMR peaks of mannitol are retained in the spray dried sample (Fig. 

5C: bottom) but peak positions differ from the pure crystalline mannitol reference (Fig. 5C: 

top). A similar observation was reported previously for spray-dried anti-IgE mAb solids 

containing different concentrations of mannitol, in which the peak patterns of pure mannitol 

from PXRD differed from those of solids containing the mAb.73 These studies suggest that 

protein in the formulation not only suppresses the crystallization tendency of mannitol, but 

also influence the specific polymorphs of mannitol that are formed during spray drying. 

Future study is warranted to examine the interactions between protein and mannitol with 

varying mannitol concentrations, and their impact on protein stability.

For the purpose of inhalation, the aerosol performance of spray-dried solids should 

be considered in the formulation design. Disaccharide excipients such as trehalose are 

hygroscopic, and can be sensitive to changes in environmental moisture which in turn can 

negatively affect the aerosol performance. It has been reported that leucine can improve 

the aerosol performance74, 75 and alleviate moisture-reduced aerosolization of spray-dried 

formulations.76, 77 However, leucine tends to crystallize and consequently provides a 

negligible stabilizing effect to proteins in spray-dried solids during storage. Thus, both 
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protein stability and aerosol performance should be considered when designing formulations 

for inhalation. A further study of on combined excipients of trehalose and leucine in the 

spray-dried protein formulations is warranted.

Conclusions

This study aimed to understand how the excipient status of mannitol and leucine contribute 

to protein stability in spray-dried solids. The protein conformation difference measured by 

ssHDX in the spray-dried solids correlated well with their physical stability on storage 

as measured by SEC. In particular, ssNMR data further revealed that the immiscibility 

of BSA with the crystallized excipients of mannitol and leucine in the solid contributed 

to the instability. Trehalose remained amorphous after spray drying, formed hydrogen 

bonds with BSA, and showed the best protection of stability for BSA among the three 

excipients studied. The solid matrix of mannitol was partially amorphous, and crystallization 

of mannitol apparently decreased its ability to stabilize the protein. Leucine substantially 

crystalized after spray drying and phase-separated from BSA, and had a negligible 

stabilizing effect. This study has provided a fundamental molecular understanding on 

the effects of various excipients in spray-dried protein solids using advanced solid-state 

characterization techniques such as ssHDX and ssNMR.
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Figure 1. 
Scanning electron micrographs of spray-dried solids in (A) BSA without excipient; (B) 

BSA-trehalose formulation; (C) BSA-mannitol formulation; (D) BSA-leucine formulation.
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Figure 2. 
Monomer loss of BSA in the spray-dried solid formulations during the stability study at 40 

°C (n = 3, mean ± SD). Error bars smaller than the symbol are not shown.
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Figure 3. 
PXRD spectra of the spray-dried BSA formulations and spray-dried excipient references: 

(A) the spray-dried BSA without excipient, and with trehalose, mannitol or leucine; (B) 

the spray-dried BSA with trehalose and the spray-dried trehalose; (C) the spray-dried BSA 

with mannitol and the spray-dried mannitol; (D) the spray-dried BSA with leucine and the 

spray-dried leucine.
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Figure 4. 
The kinetics of deuterium uptake in the spray-dried solids with D2O exposure up to 240 h 

(mean ± SD, n =3). Lines represent curve fitting to the mono-exponential model (eq. 1). 

Error bars smaller than the symbol cannot be shown in the graph.
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Figure 5. 
(A) 1D 1H-13C cross-polarization spectra of spray-dried BSA with and without excipients, 

and the corresponding spray-dried excipient references; (B) detailed spectral comparison 

of spray-dried leucine reference (magenta) and BSA-leucine (blue); (C) detailed spectral 

comparison of spray-dried mannitol reference (magenta) and BSA-mannitol (blue).
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Figure 6. 
Comparison of the (A) carbonyl region and (B) Arg Cξ peaks of spray-dried BSA without 

any excipient, BSA-mannitol and BSA-trehalose formulation; (C) X-ray crystallography 

structure of BSA monomer (PDB ID: 4F5S) highlighting the Arg residues (cyan) and 

hydrogen bonds with other residues to maintain the secondary and ternary protein structure 

(magenta).
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Table 1.

The moisture content (w/w%) measured by Karl Fischer titration (n = 3, mean ± SD).

Excipient Moisture Content (%)

No Excipient 0.7±0.6

Trehalose 0.3±0.1

Mannitol 0.3±0.1

Leucine 0.7±0.3
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Table 2.

Non-linear regression parameters of ssHDX kinetic curve fitting

Formulation Dmax (Da) k (h−1)

No Excipient 170.1 0.073

Trehalose 57.7 0.053

Mannitol 117.9 0.054

Leucine 140.0 0.072
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Table 3.

NMR linewidth and 1H relaxation parameters of the spray-dried BSA without excipient, BSA-mannitol and 

BSA-trehalose formulations (mean ± SD, n =3)

Formulation Carbonyl Linewidth (LW)/
(Hz)

T1 (s) T1ρ (ms)

Protein Excipient Difference Protein Excipient Difference

BSA 567 1.35± 0.03 - - 7.37 ± 0.08 - -

BSA-Mannitol 
(a) 

530 2.21± 0.08
15.94 ± 2.75 13.73

4.11 ± 0.22
22.14 ± 2.85 18.03

BSA-Mannitol 
(b) 2.79 ± 0.18 0.58 1.39 ± 0.23 2.72

BSA-Trehalose 501 2.74± 0.08 2.84 ± 0.06 0.1 9.78 ± 0.39 9.29 ± 0.12 0.49

(a)
crystalline form and

(b)
amorphous form of mannitol detected in the BSA-mannitol formulation
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