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Abstract

Purpose: The aim of this study is to determine the effects of saccharide-containing excipients on 

the surface composition of spray-dried protein formulations and their matrix heterogeneity.

Methods: Spray-dried formulations of myoglobin or bovine serum albumin (BSA) were prepared 

without excipient or with sucrose, trehalose, or dextrans. Samples were characterized by solid-

state Fourier-transform infrared spectroscopy (ssFTIR), differential scanning calorimetry (DSC), 

size exclusion chromatography (SEC) and scanning electron microscopy (SEM). Protein surface 

coverage was determined by X-ray photoelectron spectroscopy (XPS), while conformational 

differences were determined by solid-state hydrogen/deuterium exchange with mass spectrometry 

(ssHDX-MS).

Results: Structural differences were exhibited with the inclusion of different excipients, with 

dextran formulations indicating perturbation of secondary structure. XPS indicated sucrose and 

trehalose reduced protein surface concentration better than dextran-containing formulations. Using 

ssHDX-MS, the amount of deuterium incorporation and populations present were the largest in the 

samples processed with dextrans. Linear correlation was found between protein surface coverage 

and ssHDX-MS peak area (R2=0.853) for all formulations with saccharide-containing excipients.

Conclusions: Lower molecular weight species of saccharides tend to enrich the particle surface 

and reduce protein concentration at the air-liquid interface, resulting in reduced population 

heterogeneity and improved physical stability, as identified by ssHDX-MS.
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Introduction

To address stability concerns for protein formulations in solution, additional drying steps are 

often used to better stabilize proteins in the solid state. The most common drying approach 

in the pharmaceutical industry is lyophilization, which freezes the solution, followed by 

primary and secondary drying under reduced pressure to remove water from the protein and 

produce a solid product.(1) Although this technique has been widely employed in 

pharmaceutical product development, it is a time-consuming batch process with low energy-

usage efficiency, and may expose sensitive biologics to freezing-related stresses.(2) 

Consequently, alternative drying techniques have been explored for solid formulation 

development of pharmaceutical proteins.

Spray-drying is a processing method that has been widely used in the food industry(3, 4), 

and has increasingly attracted interest for biopharmaceutical manufacturing.(5) This 

technique has been successfully used to produce marketed biological products, such as 

Raplixa and Exubera.(6, 7) During spray-drying, a solution is fed into a spray nozzle, where 

liquid is atomized into droplets that are briefly exposed to a drying gas at a set temperature. 

These droplets are rapidly dried into solid particles by evaporative diffusion of water, and 

then collected by a cyclone. As with lyophilization, proteins are subjected to additional 

stresses during spray-drying, which include high temperature, dehydration, and air-liquid 

interfacial stresses, among others.(8)

Exposing proteins to these stressors can lead to deleterious conformational changes which 

affect drug product stability, depending on the extent and length of exposure to each stress. 

One of the most problematic stresses in spray-drying is exposure of the protein to the air-

liquid interface(9). The amphiphilic nature of the protein can lead to adsorption at the 

surface, leading to higher concentrations of protein at the interface than dispersed in 

solution.(10, 11) Protein migration to the surface can cause exposure of the hydrophobic 

core in order to align at the interface. This unfolding leads to increased denaturation and 

protein damage, which increases the tendency for aggregation to occur during drying.(10)

To reduce this stress, excipients, such as surfactants, can be used to directly compete with 

the protein for adsorption at the surface.(12) Less explored are the effects of hydrogen-

bonding excipients, such as sugars, and the effects of excipients with increasing molecular 

weight, on reducing the protein surface composition, as well as their effects on formulation 

heterogeneity. Previously, solid-state hydrogen/deuterium exchange with mass spectrometry 

(ssHDX-MS) has been used to demonstrate the effects of drying methods and formulation 

composition on population heterogeneity(13), which was found to correspond to physical 

stability.(14) In ssHDX-MS, a sample is stored in a desiccator containing a saturated salt 

solution in deuterium oxide (D2O). Exposed hydrogen atoms along the protein amide 

backbone are exchanged with deuterium, which can be monitored by mass spectrometry. 

This exposure and protein sensitivity to exchange provides information on the hydrogen 

bonding interactions in the formulation matrix, which may be related to the conformational 

stability of the protein and its physical stability.(15)
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In the work reported here, the model proteins bovine serum albumin (BSA) and myoglobin 

were formulated with sugar excipients of low and high molecular weight to examine their 

impact on particle surface composition and protein conformational heterogeneity, following 

spray drying. The excipients selected were sucrose, trehalose, dextran of molecular weight 

20,000 or 70,000 g/mol (listed as dextran 20K or 70K, respectively) based on their 

differences in size.(16, 17) The samples were characterized regarding secondary structure 

using solid-state Fourier-transform infrared spectroscopy (ssFTIR), the levels of formed 

aggregates by size exclusion chromatography (SEC), and glass transition temperature (Tg) 

by differential scanning calorimetry (DSC). In addition, surface composition was determined 

by X-ray photoelectron spectroscopy (XPS), and the population heterogeneity was 

determined by ssHDX-MS. Using these techniques, a correlation between surface 

composition and population heterogeneity was determined for the spray-dried proteins 

studied.

Materials and Methods

Materials

Bovine serum albumin, myoglobin from equine skeletal muscle, and sucrose (Bioextra, 

≥95%, GC) were purchased from Sigma Aldrich (St. Louis, MO). D-(+)-trehalose dehydrate 

was purchased from Fisher Scientific (Fair Lawn, NJ). Dextrans of molecular weight 20,000 

and 70,000 were procured from Afla Aesar (Ward Hill, MA) and Tokyo Chemical Industry 

Company (Portland, OR), respectively. Protein-containing solutions were dialyzed with a 2.5 

mM phosphate buffer solution at 4°C for 24 hours using Slide-A-Lyzer™ dialysis cassettes 

from Thermo Scientific (Rockford, IL). Phosphoric acid was used when necessary to adjust 

solution pH to 6.8. Excipient-containing solutions in the same buffer conditions were 

prepared separately, and then diluted with the dialyzed solutions for a final concentration of 

10 mg/mL protein and 10 mg/mL excipient.

Spray-drying

Samples were spray-dried using a Büchi Mini Spray Dryer B290 (New Castle, DE) with an 

inlet temperature of 100°C and outlet of 50–55°C. Solutions were atomized by an air 

volumetric flow rate of 600 L/h with a liquid feed rate of 2 mL/min. Dried powders were 

collected and distributed into 2R borosilicate glass vials (~4 mg per vial) and further dried in 

a vacuum oven at 30°C and 100 mTorr for 24 hours to reduce moisture content to ~2–3%. 

Additional drying was performed to reduce the effects that varying moisture may have on 

protein structure and stability.

Karl Fischer Titration for Moisture Content Analysis

Moisture content was determined by coulometric titration using an 831 KF Coulometer 

(Metrohm, Riverview, FL). Samples were reconstituted with 1 mL of methanol (anhydrous, 

septum sealed bottle DriSolv®, Sigma Aldrich, St. Louis, MO). The suspension was then 

injected into the cell and titrated with Riedel-de Haën Hydranal® Coulomat reagent 

(Hoechst Celanese Corp., Germany) for 5 min to reach end point for moisture determination. 

Samples were measured in triplicate.
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X-ray Powder Diffraction

A Rigaku Smart Lab X-ray diffractometer (The Woodlands, TX) equipped with a Cu Kα X-

ray source and Bragg-Brentano geometry was used to determine the solid form of the dried 

samples. Powders were pulverized onto a glass slide and loaded onto a slide holder for 

analysis. The diffraction intensity was measured between 5 and 40 degrees as a function of 

2θ with a step size of 0.02° and scan rate of 5°/min.

Solid-state Fourier Transform Infrared Spectroscopy (ssFTIR)

Measurements were conducted with a Thermo Scientific Nicolet Nexus spectrometer 

(Waltham, MA) in the attenuated total reflectance mode. Samples were loaded onto a Smart 

iTR™ accessory and compressed against the diamond by a metal anvil. Spectra were 

collected in absorbance mode with 120 scans in the range of 800 to 4000 cm−1 with a 4 cm
−1 resolution. Results were processed with OPUS 6.5 analysis software (Bruker, Billerica, 

MA) using baseline correction, smoothing, normalization, and second derivatization.

Modulated Differential Scanning Calorimetry (mDSC)

Dried powders (2–4 mg) were loaded into hermetic aluminum pans and sealed in a nitrogen-

purged glovebox. Samples were loaded into a Discovery Series DSC 25 differential scanning 

calorimeter (TA Instruments, New Castle, DE), with an empty pan as reference. Powders 

were heated from 25°C to 225°C with a modulation of ±1°C every 120 s. Glass transition 

temperatures (Tg) were determined using the TRIOS software (v4.3.0, TA Instruments, New 

Castle, DE).

Size Exclusion Chromatography (SEC)

The extent of aggregation after spray-drying was determined using size exclusion 

chromatography (SEC). Solutions and dried powders were diluted to protein concentrations 

of 1 mg/mL and centrifuged for 10 min at 12,000 rpm and 4°C to remove insoluble 

aggregates. The supernatant was then removed and used for analysis. A high performance 

liquid chromatography system (HPLC, 1200 series, Agilent Technologies, Santa Clara, CA) 

was used for analysis with an isocratic flow of 50 mM sodium phosphate, 100 mM sodium 

chloride solution at pH 6.8 over 15 min at a 1 mL/min flow rate. Eluted samples were 

detected at 280 nm by a diode array detector. A TSKgel® G3000SWXL HPLC Column 

(Sigma Aldrich, St. Louis, MO) was used for size exclusion analysis.

X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) measurements were performed as described 

previously.(18) Briefly, the XPS data were collected by an AXIS Ultra DLD spectrometer 

(Kratos Analytical Inc., Manchester UK) using monochromatic Al Kα radiation (1486.6 

eV). The surfaces of these samples are irradiated with an X-ray beam, which causes core-

level electrons to be emitted with a specific kinetic energy unique to each element and 

chemical bonds with other atoms. The kinetic energy of the photoelectrons is measured by 

an energy analyzer. This technique has been previously used for protein surface coverage for 

other compounds and formulations.(19, 20)
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High resolution and survey XPS spectra were obtained using constant pass energies of 20 

and 160 eV, respectively. Data were processed using CasaXPS software. To determine the 

percentage elemental composition of the formulations, areas of the O 1s, N 1s, and C 1s 

peaks were calculated following a Shirley background subtraction. Corrections on the 

corresponding Scofield relative sensitivity factors and inelastic mean free path of the 

photoelectrons were also applied. The sulfur peaks were not used in these calculations due to 

its low concentration (<1%) and low relative sensitivity factor. The atomic percentage of 

nitrogen was used to determine protein surface coverage. Four replicates were measured and 

the results averaged.

Scanning Electron Microscopy (SEM)

Morphological differences of spray-dried powders were visualized using a Nova NanoSEM 

200 system (Fei, Hillsboro, OR). Sample powders were mounted onto a sample holder and 

sputter-coated with carbon graphite. Particles were then analyzed under vacuum to 

determine morphological properties.

Solid-State Hydrogen/Deuterium Exchange with Mass Spectrometric Analysis (ssHDX-MS)

Vials containing the dried formulations were stored in a sealed desiccator containing a 

deuterium oxide (D2O) saturated with lithium chloride to maintain relative humidity at 11% 

and 25°C. At various time points (4, 12, 24, 48, 120, and 240 h), three vials per formulation 

were removed and the exchange reaction quenched by rapidly cooling the samples on dry 

ice. Vials were then stored at −80°C until analysis by mass spectrometry. To produce a fully 

deuterated control, protein was dissolved in a solution containing 3M guanidine 

hydrochloride, then aliquoted into a vial containing a 9:1 dilution of D2O:solution. This 

solution was then stored for 24 hours at 60° before quenching in a 4:1 solution of quench 

buffer (chilled 0.1% formic acid solution, pH 2.5) and immediately analyzed.

For mass spectrometric analysis to determine the extent of deuterium incorporation, samples 

were reconstituted in 2 mL of quench buffer, and 10 μL were injected into a protein 

microtrap (Michrom Bioresources, Inc., Auburn, CA). Using an HPLC system (1200 series, 

Agilent Technologies, Santa Clara, CA), samples were desalted in the microtrap column for 

1.7 min with 90% water, 10% acetonitrile with 0.1% formic acid, followed by elution over 7 

min to a gradient of 10% water, 90% acetonitrile with 0.1% formic acid. To minimize back 

exchange, columns were housed in a custom-built refrigeration unit with the temperature 

maintained at 4°C. Mass spectra of samples were determined using a 6520 qTOF mass 

spectrometer (Agilent Technologies, Santa Clara, CA) in the 200–2000 m/z range. 

Deconvolution of the samples to determine the mass range of the proteins was performed 

using the Mass Workstation Software (version B.04, Agilent Technologies, Santa Clara, 

CA). The maximum entropy function was used for this calculation, which converts the mass 

envelopes of the detected charge states into values that correspond to the different species 

present in the formulation.

The kinetics of deuterium incorporation was fitted using the mono-exponential model:

D t = Dmax(1 − ekt) (1)
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where D(t) is the number of deuterons exchanged at time t, Dmax is the maximum number of 

deuterons that can be incorporated into the sample, and k is the observed rate constant for 

deuterium incorporation.

Statistical Analysis

The effects of excipient choice on moisture content, surface composition, exchange kinetics, 

and physical stability were compared statistically using Prism Software (GraphPad, La Jolla, 

CA). A one-way ANOVA with Tukey’s Test was used for multiple comparisons among 

formulations.

Results

Moisture Content and Thermal Stability

All formulations had similar moisture content at the end of vacuum drying (Table I). The 

amorphous nature of these formulations is indicated by the XRPD patterns (Fig. 1).

For samples where Tg could be determined, sucrose-containing formulations had the lowest 

Tg values for both myoglobin and BSA, with values between 74–78°C. These values are 

consistent with those reported for amorphous sucrose.(21) Samples with trehalose also had 

Tg values consistent with previous reports (21), and were approximately 40°C higher than 

sucrose-containing systems. Dextran-containing formulations had the highest Tg values for 

both myoglobin and BSA, and were consistent with values for dextran alone.(22) 

Differences in glass transition between protein samples can be due to differences in moisture 

content, which has been demonstrated to impact glass transition.(23)

ssFTIR Spectroscopy for Secondary Structural Analysis

The amide I region of the ssFTIR spectra (Fig. 2) was evaluated to compare the secondary 

structure of each protein formulation. For BSA (Fig. 2A), sucrose- and trehalose-containing 

formulations had bands at 1653 and 1655 cm−1, respectively, which correspond to α-helical 

structure and is in general agreement with previously reported spectra.(24) For samples of 

BSA spray-dried without excipient, there is a band at 1653 cm−1, however there is a 

reduction in band intensity and increased broadening, which suggests structural perturbation.

For myoglobin formulations (Fig. 2B) containing dextran 20K and 70K, bands were detected 

at 1656 and 1658 cm−1, respectively, with greater band broadening and intensity reduction 

than sucrose- and trehalose-containing samples, although less than for pure spray-dried 

BSA. In myoglobin formulations, sucrose- and trehalose-containing samples both had bands 

at 1653 cm−1 corresponding to α-helical structure.(25) For dextran-containing formulations, 

both showed a band shift to 1654 cm−1 and slight broadening relative to formulations 

containing lower molecular weight excipients. Similar to BSA, this suggests an increase in 

structural perturbation of the α-helices. For pure spray-dried myoglobin, a broad band at 

1651 cm−1 was observed, indicating structural perturbation of the predominantly α-helical 

structure of the protein.
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SEC for Monomer Content Determination Post-Drying

SEC was used to determine the level of aggregates formed after drying (Fig. 3). For BSA, 

the monomer content for all formulations was similar (~83–86%) with the exception of 

those spray-dried with dextran 70K (~78%). The presence of higher-order aggregates is 

expected under these buffering conditions, as BSA exists as a mixture of monomers and 

dimers at pH 6.8.(26) For myoglobin samples, all had similar monomer content (~97%).

Protein Surface Coverage by XPS

XPS was used to determine the protein composition on the top 10 nm of a particle surface 

(Fig. 4). For excipient-free samples of both BSA and myoglobin, concentrations of nitrogen 

were in agreement with the bulk composition of each protein (~16% nitrogen, Fig. 4A). The 

addition of excipients to each of the protein formulations resulted in reduced nitrogen 

composition at the surface, with sucrose and trehalose leading to a significantly greater 

reduction in surface protein composition as determined from XPS results relative to dextran-

containing formulations (Tables S1–4). For the proteins studied, a greater reduction in 

surface protein concentration was observed in myoglobin as compared to BSA samples.

Due to the absence of nitrogen in the excipients, the amount of nitrogen present at the 

surface can be used to determine the atomic percentage composed of protein (Fig. 4B; Eqn. 

2). Sucrose- and trehalose-containing formulations resulted in the greatest reduction of 

surface protein, while dextran-containing formulations had the least, regardless of 

differences in molecular weight. However, the concentration of protein at the surface 

suggests heterogeneous distribution of molecules in the dried particle, with surface 

enrichment. The estimated atomic percentage of protein was calculated using the equation:

At . %Protein = W t . %Protein /MW t .Protein
W t . %Protein
MW t .Protein

+ W t . %Excipient
MW t .Excipient

* 100
(2)

where At. % is the atomic percent of the molecule, Wt. % is the weight percentage of the 

molecule in the formulation, and MWt. is the molecular weight of the molecule. In a 1:1 

w/w ratio of protein:excipient, a homogeneous matrix would yield an estimated surface 

composition of 0.5, 23.1 and 51.3 atomic percentage protein for sucrose, trehalose, and 

dextran formulations of BSA, respectively. In myoglobin, expected protein composition 

values would be 2.0, 54.1, and 80.5% protein for sucrose, trehalose and dextran 

formulations, respectively. Therefore, there is an excess concentration of protein at the 

surface, suggesting that the protein is not dispersed homogeneously within the matrix.

ssHDX-MS for Protein Conformational Interactions

Matrix interactions in the formulations of dried particles were monitored by measuring 

deuterium incorporation as a function of time using ssHDX-MS (Fig. 5). To control varying 

factors that can affect the rate and extent of deuterium uptake(15, 27), samples were kept at a 

constant temperature and relative humidity.

For both protein formulations, samples without excipient had the highest amount of 

deuterium incorporation. This is expected due to lack of hydrogen-bonding interactions 
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provided by the saccharide-based excipients used in other formulations in this study. 

Dextran-formulated samples with two different molecular weights had similar levels of 

exchange, with uptake being less than the unprotected samples. The high incorporation in 

these samples relative to those containing sucrose or trehalose is likely due to the large size 

and lack of molecular flexibility in dextran. Rigidity of dextran may prevent intermolecular 

hydrogen-bonding interactions with the protein in specific sites due to conformational 

differences(17) or phase separation.(28) Samples of sucrose and trehalose had similar levels 

of deuterium uptake, and were the lowest of the formulations studied.

Deconvoluted mass spectra of the formulations following deuterium exposure over 10 days 

were examined by ssHDX-MS to identify potential differences in shape and width of mass 

envelopes. This can provide information about formulation differences that affect the protein 

populations present. For BSA without excipients (Fig. 6A), increased deuterium exposure 

leads to lower resolution of the isoforms present under mass spectrometric analysis. This can 

be attributed to variability in the protection of proteins within the matrix, so that each of the 

isoforms will experience varying degrees of deuteration. Similar results are observed for 

formulations containing dextran 20K and 70K (Fig. 6D and E). For samples dried with 

sucrose or trehalose (Fig. 6B and C), the deconvoluted mass envelope is better preserved 

during the process, with some slight broadening with increasing deuterium incorporation.

There are fewer isoforms in myoglobin samples (Fig. 7), and a clearer resolution of mass 

envelopes was achieved in ssHDX-MS. As observed for the excipient-free formulation (Fig. 

7A), there is a distinct broadening of the mass envelope relative to the undeuterated sample. 

This suggests a distribution of deuteration and/or conformational states is present in less-

protected samples. Similar to BSA, the protein samples processed with sucrose or trehalose 

(Fig. 7B and C) showed lower levels of deuteration and mass envelopes similar to the 

undeuterated state. Likewise, drying with either of the dextrans (Fig. 7D and E) resulted in 

peak broadening and greater deuterium uptake, although less than the samples without 

excipient.

To better examine the effects of formulation and spray drying on protein populations, the 

peak areas of the normalized deconvoluted mass spectra as a percentage of an 

experimentally fully-deuterated sample were examined as a function of deuterium 

incorporation (Fig. 8). As in previous work, this ratio is thought to reflect differences in the 

distribution of protein conformational states and matrix interactions in the sample, and may 

be correlated with long-term physical stability.(13, 14). When formulated with an excipient, 

both BSA (Fig. 8A) and myoglobin (Fig. 8B) show increasing peak area with increasing 

deuterium incorporation. At a given level of deuterium incorporation, formulations 

containing dextran showed greater peak area than those formulated with sucrose or 

trehalose, consistent with greater population heterogeneity. This suggests that loss of the 

hydrogen-bonding interactions provided by the saccharide-based excipients leads to a 

greater number of conformational states and/or matrix interactions after drying.

SEM for Particle Morphology

The morphology of the spray-dried particles was examined using scanning electron 

microscopy (Fig. 9). Pure spray-dried BSA (Fig. 9A) exhibited highly wrinkled particles, 
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which is consistent with literature reports.(29) Particles spray-dried with this protein retain 

these morphological characteristics despite the addition of excipients.

Differences in particle morphology were observed for myoglobin formulations. Without 

excipient, spray-dried myoglobin (Fig. 9F) exhibits spherical particles with a dimpled 

surface, which is attributed to buckling due to pressure differences during drying. In sucrose- 

and trehalose-containing samples (Fig. 9G and H), highly wrinkled particles were formed. 

For both samples processed with dextran (Fig. 9I and J), the particles collapsed with a 

mushroom-cap shape.

Discussion

With the growing exploration of alternative drying approaches for biopharmaceuticals, 

understanding the effects of process and formulation on protein conformation, protein 

surface coverage, and population heterogeneity are important in developing robust products. 

Previously, our group has shown that drying method and formulation affect protein 

populations as measured by ssHDX-MS, which correlates well with protein aggregation on 

storage.(14) In the present study, ssHDX-MS was used together with XPS and other 

characterization techniques to explore the effects of formulation on population heterogeneity 

in protein formulations processed by spray drying.

The amide I region of ssFTIR spectra (Fig. 2) indicated secondary structural differences of 

protein formulations with and without excipients. For both BSA and myoglobin, the 

excipient-free formulations showed greater structural disorder than excipient-containing 

samples, which was expected due to lack of a stabilizing excipient. Inclusion of sucrose or 

trehalose resulted in better preservation of native structure, which is consistent with previous 

reports.(24, 25) In formulations containing dextran 20K or 70K, some structural 

perturbations were noted. As these dextran excipients are significantly larger than sucrose or 

trehalose, they may be less able to interact with the protein to stabilize the secondary 

structure.(17) In addition, dextran has been shown to undergo phase separation in some 

protein formulations after lyophilization.(28, 30) For this study, only a single glass transition 

temperature was observed for each formulation (Table I), which suggests a single phase, 

although there are challenges in identifying multiple phases based on assessment of 

calorimetric Tg.

Surface coverage of the proteins was measured by XPS in order to examine the effects of 

excipients on protein surface distribution following drying. For surface-sensitive proteins, 

reducing the concentration of protein at the air-liquid interface during drying can lead to 

reduced aggregation and help retain efficacy.(20) In the present study, higher molecular 

weight excipients (i.e., dextrans) resulted in greater protein concentrations on the surface 

when compared to formulations with lower molecular weight excipients (Fig. 4). As 

previously mentioned, this is probably due to the lack of molecular flexibility in the 

dextrans, which may be incapable of providing site-specific protection of the protein. This 

steric hindrance reduces the degree of interaction with the protein(17), whereby the interface 

adsorption of the protein can lead to a higher protein concentration at the surface and 

decreased physical stability.(10) For structurally smaller excipients such as sucrose and 
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trehalose, increased protein interaction as compared to dextran can occur, which reduces the 

amount of protein that may adsorb to the droplet surface prior to drying.

All of the excipient-containing formulations had higher protein surface concentrations than 

the theoretical concentrations for a 1:1 w/w ratio of protein:excipient (Fig. 4B). The higher 

surface concentration of the biomolecules suggests slow diffusion of proteins during the 

drying process. This surface enrichment has been demonstrated to depend on the Peclet 

number, Pe, given by the equation:

Pe = k/8Di (3)

where k is the evaporation rate of solvent and Di is the diffusivity of a component in the 

solvent system(31), in this instance a droplet. Under spray drying conditions, the rapid 

evaporation of the solvent and the differences in diffusion rates of the components in the 

formulation can lead to a heterogeneous distribution of materials in the dried particle. 

Proteins, which are surface active molecules with high molecular weight, have a propensity 

to concentrate at the air-liquid interface, producing a surface concentration greater than that 

in the bulk. This results in a final product with more unprotected protein on the surface 

exposed to the environment, which can result in reduced long-term stability.

The kinetics of deuterium incorporation by ssHDX-MS was fitted to the mono-exponential 

model (Equation 1) to quantify any differences in the rate of exchange in the various 

formulations (Table II). For BSA, there were no differences in rate constant, k, for deuterium 

incorporation among samples. However, BSA formulations containing dextran had higher 

Dmax values than those dried with sucrose or trehalose. This suggests the excipient used had 

a significant effect on the extent of deuterium uptake that can occur over time. In myoglobin 

samples, k was also similar across all formulations. As with BSA, Dmax values for 

myoglobin formulations were similar for sucrose and trehalose, which were lower than that 

of the dextran formulations.

Differences in ssHDX-MS peak areas suggest differences in the heterogeneity of the protein 

conformation and/or matrix interactions in the samples (Fig. 8). As with the structural 

perturbations observed in ssFTIR, formulations with higher molecular weight excipients 

showed increased heterogeneity by ssHDX-MS than those with lower molecular weight 

excipients. In formulations without any excipient, BSA showed less ssHDX-MS peak 

broadening consistent with a narrower distribution of states than samples spray-dried with 

excipients, albeit with higher deuterium incorporation. This inconsistency cannot be 

attributed to aggregation, as the monomer content was the same for samples analyzed by 

SEC (Fig. 3). The more homogeneous distribution of states for the excipient-free 

formulation may be due to consistent unfolding or partial unfolding of the protein 

throughout the matrix, or to other types of protein-protein intermolecular interactions, which 

may produce similar conformations while not providing increased hydrogen-bonding 

interactions.

To examine the relationship between protein surface concentration and population 

heterogeneity, the ssHDX-MS peak area was plotted as a function of the concentration at the 
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interface determined by XPS (Fig. 10). Due to the differences in interactions that may be 

found in protein-only formulations, these samples were treated as outliers and excluded from 

the correlation. In formulations containing saccharide-based excipients, a clear linear trend 

exists between surface coverage and peak area, with higher surface concentrations 

corresponding to increased population heterogeneity. This may be due to the unprotected 

protein at the surface, which can unfold, leading to loss of conformation and an increase in 

observed heterogeneity. Interestingly, this correlation was found to be consistent across not 

only different formulations, but with the two different proteins as well. Together, the results 

suggest that lower molecular weight excipients capable of hydrogen-bonding to proteins in 

the solid state, also reduce surface enrichment of proteins, producing a more homogeneous 

distribution of protein states and better physical stability.

Conclusion

The effects of spray drying and sugar-containing excipients on protein structure, surface 

coverage, and population heterogeneity were examined by ssFTIR, XPS, and ssHDX-MS. 

For all techniques, distinct differences were observed in secondary structure, surface 

coverage, and conformation when processed without excipient and with excipients of 

different molecular weights. The concentration of protein at the surface of the dried particle 

showed a linear correlation with protein population heterogeneity (as indicated by ssHDX-

MS peak area) when formulated with a sugar-containing excipient. The use of low molecular 

weight, hydrogen bond-replacing excipients during spray drying thus can reduce both the 

destabilizing stress at the surface and formulation heterogeneity, leading to improved 

physical stability and more homogeneous biopharmaceutical products.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
X-ray powder diffraction patterns of BSA (A) and myoglobin (B) formulations. Samples 

were formulated without excipient or with sucrose, trehalose, dextran 20K, or dextran 70K.
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Figure 2: 
Solid-state FTIR spectra of formulated BSA (A) and myoglobin (B).
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Figure 3: 
Size exclusion chromatography for monomer percentage of BSA and myoglobin 

formulations. *Indicates p<0.05.
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Figure 4: 
Quantification of X-ray photoelectron spectroscopy results for percentage of nitrogen on 

surface (A) and atomic percentage of protein found on the surface (B).
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Figure 5: 
Kinetics of hydrogen/deuterium exchange in the solid state for BSA (A) and myoglobin (B).
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Figure 6: 
Deconvoluted mass spectra of formulations prepared by spray drying BSA without excipient 

(A) or with sucrose (B), trehalose (C), dextran 20K (D) or dextran 70K (E).
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Figure 7: 
Deconvoluted mass spectra of formulations prepared by spray drying myoglobin without 

excipient (A) or with sucrose (B), trehalose (C), dextran 20K (D) or dextran 70K (E).
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Figure 8: 
Peak areas of the deconvoluted mass envelope as a function of deuterium incorporation for 

BSA (A) and myoglobin (B). Peak areas are measured as a percentage of the area of the 

fully deuterated (FD) sample.
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Figure 9: 
Scanning electron microscopy images of spray-dried particles. BSA formulations were 

processed without excipient (A) or with sucrose (B), trehalose (C), dextran 20K (D) or 

dextran 70K (E). Samples of myoglobin were formulated without excipient (F) or with 

sucrose (G), trehalose (H), dextran 20K (I) or dextran 70K (J).
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Figure 10: 
Correlation of percentage surface composition of protein to peak area of the deconvoluted 

mass envelope relative to an experimentally fully-deuterated sample.
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Table I:

Moisture content and Tg for protein formulations (mean ± SD, n=3)

Formulation Moisture Content (%) Tg (°C)

Myo Only 2.5 ± 0.7 ND*

Myo Suc 2.5 ± 0.6 77.2 ± 2.8

Myo Tre 2.5 ± 0.7 112.9 ± 2.1

Myo Dex 20K 3.7 ± 0.6 210.8 ± 0.4

Myo Dex 70K 3.0 ± 0.3 219.2 ± 0.5

BSA Only 3.1 ± 0.3 ND*

BSA Suc 2.4 ± 0.1 74.7 ± 3.8

BSA Tre 2.5 ± 0.3 105.0 ± 1.3

BSA Dex 20K 3.9 ± 0.3 213.3 ± 0.3

BSA Dex 70K 2.8 ± 0.1 223.2 ± 0.3

*
ND indicates Tg could not be determined for formulation.
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Table II:

Deuterium exchange kinetics for protein formulations fitted to the mono-exponential model in Equation 1. 

(mean ± SD, n=3)

Formulation Dmax k (h−1)

Myo Only 34.2 ± 1.6 0.067 ± 0.015

Myo Suc 8.8 ± 0.4 0.043 ± 0.008

Myo Tre 9.6 ± 0.5 0.058 ± 0.013

Myo Dex 20K 19.6 ± 1.0 0.049 ± 0.012

Myo Dex 70K 20.6 ± 0.9 0.045 ± 0.009

BSA Only 197 ± 6.5 0.028 ± 0.005

BSA Suc 78.7 ± 5.1 0.011 ± 0.002

BSA Tre 85.7 ± 4.3 0.016 ± 0.002

BSA Dex 20K 139.3 ± 2.4 0.019 ± 0.003

BSA Dex 70K 155.8 ± 5.1 0.019 ± 0.003
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