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Abstract 7 

As essential biomolecules composed of proteins and carbohydrate moieties, 8 
glycoproteins play pivotal roles in numerous biological processes. The glycosylation 9 
level plays a crucial role in determining the functionality of glycoproteins. Therefore, 10 
the precise quantification of glycan components in proteins holds significant 11 
importance for research on and development of polysaccharide-protein-conjugated 12 
vaccines. In this study, a novel glycan quantification approach was developed, 13 
leveraging analytical ultracentrifugation (AUC) technology that synergistically utilizes 14 
ultraviolet wavelength absorption and interference data to directly determine glycan 15 
mass fractions in glycoproteins. This methodology expands the analytical framework 16 
for glycoproteins while retaining the intrinsic advantages of AUC, enabling analysis in 17 
native states with demonstrated robustness. The approach was implemented in our 18 
proprietary AUC data analysis software called AUCAgent. 19 
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Introduction 21 

Glycosylation modifications of proteins are ubiquitous across all domains of life. 22 

These modifications provide proteins with diverse properties that critically influence 23 
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their function1–3 and are a key mechanism for regulating multiple cellular processes, 24 

including signal transduction, protein folding, localization, stability, cell-cell 25 

interactions, virus-cell recognition, and host immune responses4,5. Glycosylation-26 

mediated diversity plays a central role in glycoprotein biosynthesis and biological 27 

activity involved in antigen recognition. Notably, viruses exploit certain advantages 28 

conferred by glycosylation to assemble their own envelope glycoproteins through host 29 

cell glycosylation mechanisms, thereby evading immune surveillance5,6. Conversely, 30 

biopharmaceutical development has leveraged the ability of glycan structures to 31 

specifically recognize various receptors on cell surfaces. Glycosylated therapeutics 32 

are increasingly emerging as a favored and valuable therapeutic strategy due to their 33 

enhanced targeting specificity and reduced adverse effects as compared to small 34 

molecule drugs7–9. 35 

Many protein drugs possess glycosylation modifications, and the structure of the 36 

attached glycan chains significantly affects drug efficacy. The quantity and 37 

composition of these glycan chains regulate protein folding, solubility, and 38 

intracellular transport processes10, and result in an extremely broad molecular 39 

weight(MW) distribution range in glycoproteins1. The average MW of glycan chains 40 

directly determines many physicochemical properties, including density, viscosity, 41 

diffusivity, sedimentation coefficient, electrophoretic mobility, and specific heat 42 

capacity. It also influences protein oligomerization states and the actual mass 43 

concentration determined by ultraviolet (UV) absorption methods1,9,11,12.These 44 

properties influence the biological activity and therapeutic efficacy of glycoprotein 45 

drugs. Therefore, the accurate determination of glycoprotein MW has become an 46 

indispensable parameter in drug production processes. These measurements are also 47 

crucial for comparing batch-to-batch consistency and assessing post-translational 48 

modification levels1,11. 49 

Currently, the determination of protein MW primarily employs techniques such 50 

as sodium dodecyl sulfate-polyacrylamide gel electrophoresis  (SDS-PAGE), size-51 

exclusion chromatography (SEC), multi-angle light scattering (MALS), analytical 52 

ultracentrifugation (AUC), and mass spectrometry (MS). SDS-PAGE is a classic 53 

electrophoresis-based method that offers advantages of simplicity and low cost. 54 

However, SDS-PAGE accuracy is susceptible to post-translational modifications, such 55 

as glycosylation, often leading to MW estimation errors due to migration 56 

anomalies1,13,14. SEC estimates MW based on protein elution behavior in solution, 57 
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typically requiring calibration with standards. However, since its response signal 58 

depends on the protein’s hydrodynamic radius rather than absolute mass, 59 

measurements for non-spherical structures or glycoproteins (where glycan chains 60 

significantly increase the hydrodynamic radius) often deviate from the true MW1,15–17. 61 

MALS can directly determine the absolute MW of proteins in solution and effectively 62 

assess sample homogeneity without requiring calibration with standards. however, it 63 

is typically used with separation techniques such as SEC or AF415. As an increasingly 64 

important analytical tool, AUC is widely regarded as the gold standard technique for 65 

evaluating the molecular integrity and non-aggregated state of monoclonal antibodies. 66 

AUC can determine MW in solutions approximating natural conditions while 67 

simultaneously obtaining multiple other parameters, such as conformation and the 68 

sedimentation coefficient18,19. 69 

However, all the above techniques have certain limitations in determining 70 

glycoprotein MW. SDS-PAGE may exhibit MW deviations due to migration 71 

abnormalities caused by glycosylation1,13 and SEC may overestimate actual MW due 72 

to the effect of glycan chains on the overall hydrodynamic radius1,16,17. Currently, 73 

MALS combined with UV detection and differential refractive index detection 74 

enables the precise MW resolution of both glycan and protein components within 75 

glycoprotein complexes, making it a highly accurate method20. Conventional AUC 76 

detection can utilize dual signals from UV-visible light and interferometric detectors 77 

for analysis, a technique already applied in membrane protein complex studies21. 78 

Consequently, dual-detector AUC analysis holds significant potential for glycoprotein 79 

complex characterization. 80 

This study developed a novel absorbance-interference glycoprotein analysis 81 

method based on AUC technology. It employs a dual detection system combining UV-82 

visible and interferometric measurements to simultaneously capture sample 83 

sedimentation signals. The truncated form of the receptor tyrosine-protein kinase 84 

erbB-2（ERBB-2） (UniProt ID: P04626) was employed as a glycosylation pattern 85 

protein to analyze the MW and proportion of glycosylated proteins. We integrated 86 

SDS-PAGE, SEC, MALS, MP, and LC-MS techniques to cross-validate the 87 

algorithm’s reliability. Systematic comparisons were performed to clarify the 88 

strengths and limitations of each method in determining glycoprotein MW, 89 

demonstrating this approach’s superiority in assessing glycan ratios and MW. The 90 

method was integrated into the AUC data analysis software AUCAgent. This study 91 
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further applied the AUC dual-signal detection strategy to determine the 92 

polysaccharide content in polysaccharide-conjugated vaccines. The study provides 93 

novel methodological support for analyzing MW or component ratios in biological 94 

agents such as glycosylated proteins and polysaccharide-conjugated vaccines. 95 

 96 

Results 97 

SEC and SDS-PAGE analyses confirm the high 98 

consistency of glycoprotein purification outcomes 99 

SEC separates samples through porous stationary phases according to molecular 100 

hydrodynamics volume, in which large molecules are eluted first because their size 101 

prevents them from entering the smaller pores, and small molecules are eluted later 102 

due to their retention by the pores, representing an important means to studying MW 103 

and MW distribution. SEC analysis revealed that the retention volumes of ERBB-2 104 

(23–652) proteins expressed in a 293F cell system at 72 and 120 h under the same 105 

chromatographic conditions (column model: SuperdexTM-200 Increase 10/300 GL 106 

column; mobile phase: phosphate-buffered saline (PBS)) were highly consistent, 107 

indicating that the hydrodynamic volume and MW distribution of these glycoproteins 108 

in solution were not significantly different (Fig. 1a). This phenomenon suggested that 109 

the glycoproteins of the proteins with different expression times had similar molecular 110 

size characteristics in SEC separation. However, SEC results for modified proteins, 111 

such as glycoproteins, need to be interpreted with caution, as the glycan chains may 112 

mask the MW differences of the proteins; thus these proteins need to be further 113 

analyzed in combination with techniques such as MALS. 114 

(a) 
 

(b) 
Fig. 1 (a) Expression of 72-h and 120-h receptor tyrosine-protein kinase（ERBB-2） (23–652) proteins 

analyzed by SuperdexTM-200 Increase 10/300 GL size-exclusion chromatography. (b) Sodium dodecyl sulfate-
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polyacrylamide gel electrophoresis (SDS-PAGE) results of 72-h and 120-h ERBB-2 (23–652) protein 

expression. 

SDS denatures and uniformly negatively charges proteins, and PAGE separates 115 

them by MW, with smaller MW proteins migrating faster. Thus, SDS-PAGE is 116 

commonly used to estimate the MW and purity of proteins. In reducing SDS-PAGE 117 

analysis, both 72-h and 120-h ERBB-2 (23–652) protein samples showed single bands 118 

with consistent migration positions, indicating no significant difference in MWs after 119 

SDS binding in the unfolded state (Fig. 1b). Notably, all bands migrated at a larger 120 

MW position than the theoretical protein MW (71 kDa), which reflect a migration lag 121 

due to glycosylation modification. Thus, the MW of glycoproteins estimated by SDS-122 

PAGE would be overestimated. 123 

 124 

MP characterization of the consistency of the ERBB-2 125 

(23–652) protein 126 

MP technology, based on the principle of single-molecule scattering, enables the 127 

label-free “weighing” and consistency analysis of molecules in their native state 128 

by detecting the intensity of light scattered from biomolecules in solution under laser 129 

illumination; this intensity is proportional to MW22. We characterized the 130 

homogeneity of ERBB-2 (23–652) protein samples using MP to validate the SEC 131 

measurement results. 132 

MP analysis results indicated a MW of approximately 76 kDa in the 72-h 133 

expression sample, with high uniformity (Fig. 2a). In contrast, the 120-h expression 134 

sample showed inconsistent results, at 83 kDa, 78 kDa, and 76 kDa, demonstrating 135 

lower consistency (Fig. 2b). Although the 72-h sample exhibited good uniformity, the 136 

MW deviated significantly from the MALS results. The consistency of the 120-h 137 

sample also fell below the SEC analysis results. This discrepancy may stem from the 138 

characteristics of the standard used for MP calibration or fitting. The standard used in 139 

this study was non-glycosylated bovine serum albumin (BSA), whereas the actual 140 

samples were glycosylated proteins. The presence of glycan chains may influence 141 

scattering behavior in MP, introducing systematic errors into calibration established 142 

using BSA. In contrast, both MALS and AUC are absolute MW determination 143 

methods that do not require calibration with standards. 144 
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(a) (b) 
Fig. 2 Mass photometry (MP) Detection of glycoprotein MW. (a) MW measurement of ERBB-2 (23–652) protein 145 
using MP at 72 h of expression; (b) MW measurement of ERBB-2 (23–652) protein using MP at 120 h of 146 
expression. 147 
 148 

LC-MS analysis of the average MW of the ERBB-2 (23–149 

652) protein 150 

LC-MS, as a mass spectrometry technique capable of high-precision MW 151 

determination, is increasingly becoming an important complementary or alternative 152 

method in protein analysis and characterization. This study performed LC-MS 153 

analysis on ERBB2-(23–652) proteins expressed at 72 and 120 h. The results showed 154 

measured MWs of 83,171 Da and 83,172 Da, respectively (Fig. 3). However, complex 155 

spectra with low signal-to-noise ratios were observed in all replicate samples, making 156 

effective deconvolution processing using software challenging. This reflects the 157 

limitations of the current algorithms when handling such highly glycosylated complex 158 

molecules. These findings are consistent with a study by Puranik et al11. reporting that 159 

glycosylation interference affected deconvolution in Fc fusion proteins. 160 
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 161 
（a） 162 

 163 

（b） 164 
Fig. 3 Liquid chromatography-mass spectroscopy (LC-MS) results. (a) LC-MS results for ERBB-2 (23–652) 165 
protein expressed at 72 h (Rep1). (b) LC-MS results for ERBB-2 (23–652) protein expressed at 120 h. 166 
 167 

SEC-MALS enables high-precision determination of 168 

the MW of intact glycoproteins 169 

MALS is a technique used to determine the absolute molecular mass of 170 

biomolecules. When a macromolecule in solution is irradiated by a beam of laser 171 

light, the charge in the molecule is vibrated by the electric field of the light, 172 

generating scattered light. 173 

The intensity of the scattered light detected at a fixed angle (I(𝜃) scatteered) is 174 

directly proportional to the MW of the substance (M), the quadratic of the 175 
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concentration (c), and the increment of the refractive index increment (dn/dc), as 176 

shown in Equation (1): 177 

 𝐼ሺ𝜃ሻ௦௖௔௧௧௘௥௘ௗ ∝ 𝑀𝑐 ൬𝑑𝑛𝑑𝑐൰ଶ (1)

MALS is often used in conjunction with an SEC and a differential refractive 178 

index detector to acquire three detector signals simultaneously and characterize the 179 

MW and size information of biomolecules. For samples with known dn/dc or UV 180 

extinction coefficients, either UV or dRI data can be selected as the source of the 181 

concentration to calculate the MW. 182 

 
Fig. 4 Molecular weight (MW) detected by Multi-angle light scattering (MALS). The MW determination of 

glycoprotein complex components involves two distinct calculations: using protein ultraviolet (UV) extinction 

coefficients for protein moieties and polysaccharide dn/dc values for carbohydrate portions. The ■ symbols 

denote the total molecular mass, + denotes the protein molecular mass, and × denotes the glycan molecular 

mass. 
Table 1 Results of molecular weight(MW) and glycan content calculated by Multi-angle light 183 

scattering (MALS) 184 

Sample ID Total MW  Protein MW  Gly MW Gly % 

ERBB2-(23–652)-72h-Rep1 88880(±5.081%) 73020(±5.075%) 15860(±5.107%) 17.84 

ERBB2-(23–652)-72h-Rep2 89630(±4.388%) 69220(±4.385%) 20410(±4.4%) 22.77 

ERBB2-(23–652)-72h-Rep3 90610(±5.82%) 78140(±5.83%) 12470(±5.579%) 13.76 

ERBB2-(23–652)-120h-Rep1 91510(±6.187%) 72150(±6.153%) 19360(±6.317%) 21.16 

ERBB2-(23–652)-120h-Rep2 91030(±5.73%) 78870(±5.723%) 12160(±5.778%) 13.36 

ERBB2-(23–652)-120h-Rep3 87600(±1.622%) 74120(±1.625%) 13470(±1.614%) 15.38 

Average    17.38 

Std    3.9196 
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 185 

Since scattered light intensity is proportional to the quadratic of the electric field 186 

strength (𝐸ଶ), the free molecules produce incoherent light with the scattered light 187 

intensity proportional to (𝐸1ଶ + 𝐸2ଶ), whereas the bound molecular complexes 188 

produce coherent light with the scattered light intensity proportional to (𝐸1 + 𝐸2)ଶ. 189 

Thus, free A/B molecules and bound AB complexes produce different scattering 190 

signals, so the overall parameters of the protein complexes need to be calculated by 191 

combining UV and dRI using the UV extinction coefficients and dn/dc of the two 192 

substances in the complex. The overall extinction coefficients of the complex and the 193 

calculation of dn/dc are shown in Equations (3) and (4), respectively20: 194 
 195 C = Aεୡ୭୫୮୪ୣ୶ × L = dRIቀdndcቁୡ୭୫୮୪ୣ୶ (2)

 196 ൬dndc൰ୡ୭୫୮୪ୣ୶ = ൬dndc൰୮୰୭୲ୣ୧୬ × X୮୰୭୲ୣ୧୬ + ൬dndc൰୫୭ୢ୧୤୧ୣ୰ × ൫1 − X୮୰୭୲ୣ୧୬൯ (3)

 197 εୡ୭୫୮ୣ୪୶ = ε × X୮୰୭୲ୣ୧୬ + ε × ൫1 − X୮୰୭୲ୣ୧୬൯ (4)

Mw ∝ I୐ୗቀdndcቁୡ୭୫୮୪ୣ୶ଶ × c 
(5)

where 𝑋௣௥௢௧௘௜௡ is the weight fraction of the protein. 198 

In light of the above, MALS could be used in conjunction with SEC and an 199 

differential refractive index detector to obtain information on the total MW of ERBB-200 

2 (23–652) protein, as well as the molecular mass of the protein and glycan. The MW 201 

distributions of the components of ERBB-2 (23–652) protein expressed for 72 h and 202 

120 h are shown in Fig. 4. Their specific MW distributions are shown in Table 1. 203 

Some differences in the glycosylation modifications of ERBB-2 (23–652) protein 204 

under 72 h and 120 h expression conditions were observed. The polysaccharide 205 

percentage (Gly %) of the 72-h samples (Rep1-3) ranged from 13.76% to 22.77%, 206 

while the 120-h samples (Rep1-3) ranged from 13.36% to 21.16%, with the overall 207 

trend showing slightly less glycosylation in the 120-h samples, but some overlap 208 

between the two sets of data. Notably, the polysaccharide content fluctuated widely 209 

between replicate samples within the same time point (e.g., 9.01% difference between 210 
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Rep1 and Rep3 at 72 h, and 7.8% difference between Rep1 and Rep2 at 120 h), 211 

suggesting that the reproducibly of glycoprotein MALS measurements is limited. This 212 

variability may arise from glycosylation heterogeneity, where slight site modification 213 

differences may alter the light scattering signal and affect the polysaccharide content 214 

calculation, even if the degree of glycosylation modification is uniform. Alternatively, 215 

it may result from differences in instrument sensitivity in response to the dynamic 216 

structure of the glycan chain. Although by this method, SEC-MALS can measure the 217 

MW of whole glycoproteins with high accuracy and provide the MWs of both protein 218 

and glycan fractions, further validation by other technical means is recommended. 219 

 220 

AUC-based methods offer higher stability than other 221 

methods 222 

Five methods, including LC-MS, SEC-MALS, MP, GUSSI’s, and absorbance-223 

interference, were adopted to analyze glycoproteins. The distribution of the 224 

sedimentation coefficient of ERBB-2 (23-652) protein obtained by AUC is shown in 225 

Fig. 5. 226 

Among all these methods, GUSSI’s method demonstrated superior stability. The 227 

average glycan fraction remained stable at about 16.7% in the six groups of 228 

experimental data, with a standard deviation of 0.4382 (Fig. 6 and Table 2). The 229 

absorbance-interference method ranked second in reliability. The average glycan 230 

fraction calculated by AUCAgent was 12.73%, with a standard deviation of 0.7284 231 

(Table 3). In comparison to the two preceding AUC-based methods, SEC-MALS 232 

exhibited relatively lower stability, with an average value of 17.38% and a standard 233 

deviation of 3.9196. 234 

The absorbance-interference method works by comparing concentration 235 

differences between two measurement signals to directly obtain the ratio of glycans 236 

and proteins in glycoproteins. For reliable results, on the one hand, it is crucial to have 237 

precise calibration between the signals and the corresponding concentration values. 238 

Thus, two crucial optical properties, the protein extinction coefficient and the 239 

refractive index increments of both proteins and glycans in glycoproteins, must be 240 

considered when using this method. However, the accuracy of MW measurement 241 

depends on the accuracy of frictional ratio (𝑓/𝑓଴) fitting by 𝑐(𝑠) sedimentation 242 
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coefficient distribution analysis in SEDFIT. More accurate frictional ratio 243 

determinations yield more reliable MW measurements. 244 

 
(a) 

 
(b) 

Fig. 5 c(s) distributions from SEDFIT. (a) Sedimentation distribution of ERBB-2 (23–652) protein at 72 h of 

expression (Rep1). (b) Sedimentation distribution of ERBB-2 (23–652) protein at 120 h of expression (Rep1). 

The shaped area is the glycoprotein integration region in GUSSI and AUCAgent. 

 245 
Table 2 Results of MW and glycan content calculated by GUSSI 246 

Sample ID Total MW Protein MW Gly MW Gly % 
ERBB2-(23–652)-72h-Rep1 85232 71254 13978 16.4 
ERBB2-(23–652)-72h-Rep2 85617 71233 14384 16.8 
ERBB2-(23–652)-72h-Rep3 84972 71292 13680 16.1 
ERBB2-(23–652)-120h-Rep1 86211 71210 15001 17.4 
ERBB2-(23–652)-120h-Rep2 85583 71291 14292 16.7 
ERBB2-(23–652)-120h-Rep3 85604 71223 14381 16.8 
Average    16.7 
Std    0.4382 

 247 
 248 

 

(a) 

 

(b) 

 

(c) 
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(d) 

 

(e) 

 

(f) 
Fig. 6 Glycoprotein MW calculated by GUSSI: (a-c) ERBB-2 (23–652) protein MW measurement at 72 h of 

expression. (d-f) MW measurement of ERBB-2 (23–652) protein at 120 h of expression. 

 
Table 3 Results of MW and glycan content calculations by AUCAgent 249 

Sample ID Total MW Protein MW Gly MW Gly % 
ERBB2-(23–652)-72h-Rep1 86792 76646 10146 11.69 
ERBB2-(23–652)-72h-Rep2 87128 76507 10621 12.19 
ERBB2-(23–652)-72h-Rep3 86173 75393 10780 12.51 
ERBB2-(23–652)-120h-Rep1 87630 76159 11471 13.09 
ERBB2-(23–652)-120h-Rep2 86731 75222 11509 13.27 
ERBB2-(23–652)-120h-Rep3 86632 74824 11808 13.63 
Average - - - 12.73 
Std    0.7284 

 250 
Table 4 Mass spectroscopy (MS) , MALS, Mass photometry (MP) , and Analytical ultracentrifugation 251 
(AUC) results for calculating total protein MW and glycan content 252 

Sample 

ID 

MS 

MW 

total 

MALS MW 

total 

MP MW 

total 

AUC-

SEDFI

T-280 

MW 

total 

AUC-

SEDFI

T-IF 

MW 

total 

GUSS

I MW 

total 

MS 

Gly % 

MALS 

Gly % 

GUSSI 

Gly % 

ERBB2

-(23–

652)-

72h-

Rep1 

83171 
88880(± 

5.081%) 
75000 91555 97525 85232 14.33% 17.80% 16.40% 

ERBB2

-(23–

652)-

72h-

Rep2 

/ 
89630(± 

4.388%) 
75000 92087 95735 85617 / 22.80% 16.80% 
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ERBB2

-(23–

652)-

72h-

Rep3 

/ 
90610(± 

5.82%) 
75000 91189 94251 84972 / 13.80% 16.10% 

ERBB2

-(23–

652)-

120h-

Rep1 

83172 
91510(± 

6.187%) 
83000 92938 95444 86211 / 21.20% 17.40% 

ERBB2

-(23–

652)-

120h-

Rep2 

/ 
91030(±5.73%

) 
78000 92047 93917 85583 14.33% 13.40% 16.70% 

ERBB2

-(23–

652)-

120h-

Rep3 

/ 
87600(± 

1.622%) 
76000 92070 94257 85604 / 15.40% 16.80% 

 253 

AUC can accurately determine the polysaccharide 254 

ratio in polysaccharide-conjugated vaccines 255 

Polysaccharide-conjugated vaccines represent a novel vaccine type created by 256 

chemically linking bacterial capsular polysaccharides to protein carriers via covalent 257 

bonds. They effectively stimulate T-cell-dependent immune responses, overcoming 258 

the limitations of conventional vaccines, such as weak immunogenicity in infants and 259 

young children and an inability to induce lasting immune memory. This significantly 260 

enhances the protective efficacy and induces long-term immunity. Currently, this type 261 

of vaccine has been successfully applied to prevent infections caused by multiple 262 

pathogens, including Hemophilus influenzae type b, Streptococcus pneumoniae, and 263 

Neisseria meningitidis18,23,24. Although different polysaccharide-conjugated vaccines 264 

vary in their specific conjugation processes and typically involve multi-step reactions, 265 

their polysaccharide ratios are critical quality control indicators. These factors directly 266 

impact the stability, safety, efficacy, and batch-to-batch consistency of the conjugates. 267 

Therefore, this study applied the aforementioned algorithm to further explore its 268 

ability to determine polysaccharide ratios in polysaccharide-conjugated vaccines 269 

(Table 5). 270 
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Both vaccines utilize tetanus toxoid as the carrier protein but exhibit significant 271 

differences in protein content. We measured sedimentation velocity in vaccine 272 

samples using AUC, simultaneously collecting absorbance values at 280 nm and 273 

interference light signals. The sedimentation distribution results are shown in Fig. 7. 274 

The polysaccharide ratios in the samples were obtained through algorithmic analysis 275 

of the data. The summary results presented in Table 6. 276 
Table 5 Polysaccharide-conjugated vaccine information 277 

 278 

 

 
(a) 

 

 
(b) 

Fig. 7 ls-g*(s) distributions from AUCAgent. (a) Sedimentation distribution of Polysaccharide-conjugated 

vaccines-1 (Rep1). (b) Sedimentation distribution of Polysaccharide-conjugated vaccines-2 (Rep1). 

 279 
Table 6 AUC results were used to calculate the polysaccharide ratio of polysaccharide-conjugated 280 

vaccines 281 
Sample ID Buffer Polysaccharide ratio (%) 

Polysaccharide-conjugated vaccines-1-Rep1 0.85% NaCl 40.9 
Polysaccharide-conjugated vaccines-1-Rep2 0.85% NaCl 41.1 
Polysaccharide-conjugated vaccines-1-Rep3 0.85% NaCl 40.01 
Polysaccharide-conjugated vaccines-2-Rep1 0.85% NaCl 57.1 
Polysaccharide-conjugated vaccines-2-Rep2 0.85% NaCl 59.7 
Polysaccharide-conjugated vaccines-2-Rep3 0.85% NaCl 60.2 

Both vaccines exhibited broad sedimentation coefficient distributions (Fig. 7), 282 

consistent with the broad MW distribution observed by Jia et al25. for polysaccharide-283 

conjugate vaccines using MALS technology. The results reflect significant 284 

compositional heterogeneity within the samples in solution. Therefore, based on the 285 

difference between the 280 nm and interference light dual signals, we selected the 286 

entire sedimentation distribution region and used the absorbance-interference method 287 

Sample ID Buffer Polysaccharide ratio (%) 
Polysaccharide-conjugated vaccines-1 0.85% NaCl 37.1 
polysaccharide-conjugated vaccines-2 0.85% NaCl 57.6 

Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/j1ch6d86. This version posted December 14, 2025. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0

https://creativecommons.org/licenses/by-nc-nd/4.0



to calculate polysaccharide ratios. Each vaccine was tested in triplicate, and the results 288 

showed good consistency between replicates. The values deviated from the theoretical 289 

polysaccharide ratios by less than 5%, indicating that AUC combined with this 290 

method exhibits high accuracy and reproducibility in vaccine component distribution 291 

analysis. 292 

 293 

Discussion 294 

GUSSI’s method balances simplicity and robustness by fixing the protein’s MW 295 

to its theoretical value. However, in practice, experimentally observed apparent MW 296 

often deviates from theoretical values. Enforcing strict MW constraints could 297 

systematically skew results, particularly for glycoproteins with heterogeneous 298 

glycosylation. Another essential factor in GUSSI’s method is the oligomeric state of 299 

the protein. This is difficult to estimate experimentally, even if the actual protein 300 

monomer sequence is known. The absorbance-interference method entirely bypasses 301 

the need to account for protein multimerization. It relies solely on the protein's molar 302 

extinction coefficient, the refractive index increment (dn/dc) of the protein, and the 303 

dn/dc of the glycan to accurately quantify glycan content. If the protein sequence is 304 

known, its extinction coefficient and dn/dc value can be computationally predicted. 305 

For glycans, dn/dc values show minimal variation across types (e.g., 0.142–0.150 306 

mL/g), allowing the use of a generic value when experimental data is unavailable. 307 

Building on these parameters, this method enables the straightforward quantification 308 

of glycan content in glycoproteins, overcoming the limitations of GUSSI’s method 309 

requiring knowledge of the multimerization state. Predicted or generic parameters 310 

may not precisely match sample-specific values, but deviations from true values are 311 

typically minor. Furthermore, our findings demonstrate that the combined application 312 

of the absorbance-interference method and GUSSI’s method enables the estimation of 313 

glycoprotein oligomeric states. 314 

While SEC analysis cannot provide detailed glycan composition data, it 315 

confirmed batch-to-batch consistency across the six sample sets. MALS shares a 316 

similar fundamental principle with the AUC-based absorbance-interference method, 317 

given that both methods rely on the integration of two detection modalities for 318 

molecular characterization. However, MALS exhibits significantly higher variability 319 

compared to the AUC method, which underscores the superior reproducibility and 320 

precision of AUC in glycoprotein analysis. 321 
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Furthermore, the analysis of polysaccharide-conjugated vaccines showed that the 322 

absorbance interference method could directly quantitate polysaccharide ratios. Given 323 

the common polydispersity of such vaccines, the absorbance interference strategy 324 

employed by AUCAgent not only offers superior reproducibility and precision in 325 

glycoprotein quantification compared to other methods but also demonstrates 326 

significant advantages in analyzing ratios in polysaccharide-conjugated vaccines, 327 

indicating substantial application potential. 328 
 329 

Methods 330 

Protein expression and purification 331 

The receptor tyrosine-protein kinase erbB-2 (ERBB-2) (23–652) gene sequence 332 

was synthesized by Ruibiotech. The truncated protein contained seven N-333 

glycosylation sites located at positions 68, 125, 187, 259, 530, 571, and 629 of the 334 

sequence. These were amplified by PCR after cloning into a pVAX1 vector, a 6×His-335 

tagged fusion protein was generated, and ERBB-2 (23–652) protein was expressed in 336 

a 293F cell system. The 293F cells were cultured to a cell concentration of 2 × 106 337 

cells/mL, and the mass ratio of plasmid to PEI was about 1:4 for transfection, and 1 338 

mg of plasmid per liter of cells. The cells were transfected under the same conditions, 339 

and the cellular supernatants were collected at 72 and 120 h. Three sets of replicates 340 

were constructed at the two time points, with 1 L of cells for each set of replicates. 341 

The cell supernatant was collected and then subjected to PBS (pH 7.4) buffer 342 

replacement using a 10 kDa small ultrafiltration membrane pack (Merck, 343 

P2C100C01) via an ultrafiltration concentration system (Merck Millipore Mini 344 

Pellicon, Merck, Darmstadt, Germany). The concentrated protein solution was 345 

subjected to affinity chromatography using a His affinity column (Cytiva, 17531802). 346 

Heterogeneous proteins were removed using wash buffer (PBS, 20 mM imidazole, pH 347 

7.4), and target proteins were eluted using elution buffer (PBS, 400 mM imidazole). 348 

The eluted proteins were concentrated using a 10 kDa centrifugal filter (Merck, 349 

UFC905008) and further purified using a SuperdexTM-200 Increase 5/150 GL 350 

column (Cytiva, 28990945) equilibrated with PBS buffer. The proteins were finally 351 

stored in PBS buffer. 352 

 353 
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polysaccharide-conjugated vaccines manufacturing 354 

process 355 

The Streptococcus pneumoniae serotypes (22F using the amine reduction method 356 

and 19A using the 1-cyano-4-dimethylaminopyridinium tetrafluoroborate (CDAP) 357 

method) were conjugated to the protein of diphtheria toxoid as the carrier to form 358 

covalently bound polysaccharide-protein conjugates. The purification was carried out 359 

by tangential flow ultrafiltration and molecular sieve chromatography. The glycan 360 

content was determined according to the anthrone-sulfuric acid method in the current 361 

edition of the Chinese Pharmacopoeia (Part III). 362 
 363 

Size-exclusion chromatography  364 

An Agilent 1260 infinity liquid chromatography system, equipped with an 365 

autosampler, a thermostatic column chamber, a UV detector, and a temperature 366 

control at 20°C, was used for chromatographic separation. A SuperdexTM-200 367 

Increase 10/300 GL column (Cytiva, 28990944) was used with PBS as the mobile 368 

phase and a detector wavelength of 280 nm. The protein concentration of ERBB-2 369 

(23–652) purified at 72 h and 120 h was quantified uniformly to an A280 nm value of 370 

about 0.6, 100 µL of each sample was uploaded, the run flow rate was 0.5 mL/min, 371 

and the run time was 48 minutes. 372 
 373 

Sodium dodecyl sulfate-polyacrylamide gel 374 

electrophoresis  375 

Genscript YoungPAGE™ Protein Prep Gel (Genscript, M00928) was used for the 376 

electrophoretic separation of the samples. Protein samples were mixed with protein 377 

loading buffer (SDS-PAGE sample loading buffer, 5X) at a volume ratio of 4:1 prior 378 

to sampling and denatured at 100°C for 5 min, after which gel electrophoresis was 379 

performed. Pre-stained protein marker (Thermo Scientific, 26616), containing 10 MW 380 

markers, 180, 130, 100, 70, 55, 40, 35, 25, 15, and 10 kDa protein bands, was used for 381 

protein MW estimation. Staining was performed using the eStain® L1 Protein Stainer 382 

(Genscript, Nanjing, China) after completing electrophoresis. 383 
 384 
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Liquid chromatography-mass spectroscopy  385 

In LC-MS analysis, the analytes were separated by a 60 min gradient elution at a 386 

flow rate 0.5 µL/min with a nanoACQUITY UPLC system, which was directly 387 

interfaced with a SYNAPT-G2-Si mass spectrometer produced by the Waters 388 

company. The analytical column was a Protein BEH C4 silica capillary column (150 389 

µm ID, 100 mm long) packed with C-4 resin (300 Å, 1.7 µm) purchased from the 390 

Waters company. Mobile phase A consisted of 0.1% formic acid aqueous solution, and 391 

mobile phase B consisted of 100% acetonitrile and 0.1% formic acid. 392 
 393 

Multi-angle light scattering  394 

An Agilent 1260 infinity liquid chromatography system configured with an 395 

autosampler, a thermostat column chamber, a UV detector, and temperature control at 396 

20°C was used for MALS analysis. Chromatographic separation was achieved using a 397 

SuperdexTM-200 Increase 10/300 GL column (Cytiva, 28990944) connected to a 398 

Wyatt DAWN HELEOS laser detector (Wyatt, CA, USA) and a Wyatt Optilab T-rEX 399 

differential detector (Wyatt, CA, USA). A PBS mobile phase overnight equilibration 400 

system and a detector were used. The 72-h and 120-h purified ERBB-2 (23–652) 401 

protein concentrations were quantified to an A280 nm value of about 0.6, and 100 µL 402 

of samples were uploaded. Light scattering, UV, and differential signals were 403 

collected, and the data were analyzed using ASTRA 8.1.2 software. 404 
 405 

Mass photometry 406 

The solution-phase mass determination of native glycoproteins was acquired 407 

using a TwoMP (Refeyn, Ltd, Oxford, UK) mass photometer calibrated with BSA (66 408 

kDa). Experimental data were obtained in the form of mass photometry movies 409 

acquired over 6,000 frames (60 s) using the AcquireMP software (2024R2) on 410 

precleaned, high-sensitivity microscope slides [n]. The test samples (200 nM) were 411 

mixed with 18 µL of PBS to a final concentration of 20 nM, and then loaded onto a 412 

glass slide for measurement. The final protein concentrations were determined 413 

empirically to achieve approximately 50 binding events per second. 414 
 415 

Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/j1ch6d86. This version posted December 14, 2025. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0

https://creativecommons.org/licenses/by-nc-nd/4.0



Analytical ultracentrifugation 416 

AUC (ProteomelabXL-A, BeckmanCoulter, USA) sedimentation velocity 417 

experiments were performed using both absorbance (280 nm) and interference (660 418 

nm) optical detection systems. The rotor speed was maintained at 45,000 rpm 419 

throughout the sedimentation process. Real-time scanning data were acquired at 120-420 

second intervals, with absorbance recorded at 280 nm (for protein detection) and 421 

interference signals monitored at 660 nm (for high-precision concentration profiling). 422 

The collected data were processed using sedfit17 software with the fitting 423 

parameters set to 200 for resolution, 0 for Smin, 10 for Smax, and a confidence level 424 

of 0.68 to obtain the results of the continuous 𝑐(𝑠) distribution of the 280 nm and 425 

interferometric data for each group of samples. Both distributions were imported into 426 

GUSSI 2.1.0 software and analyzed for glycoproteins using the Glycoprotein Calcs 427 

module, selecting a sedimentation coefficient range of 4.0–5.5 S. The protein fitting 428 

parameters were set to a UV extinction coefficient of 0.9L ⋅ 𝑔ିଵ ⋅ cmିଵ, and the 429 

protein MW was set to 71,250 Da (the above parameters were predicted from 430 

https://www.expasy.org/ based on the protein amino acid sequence). The 431 

corresponding 𝑓/𝑓଴ values were entered as distribution parameters, which were 432 

obtained by fitting with sedfit17 software to obtain the final glycoprotein mass 433 

distribution results. 434 

In the sedimentation velocity experiments, the particle movement process in 435 

solution can be described by the Lamm equation: 436 
 437 𝜕𝑐𝜕𝑡 = 1𝑟 𝜕𝜕𝑡 (𝐷 𝜕𝑐𝜕𝑟 𝑟) − 𝜔ଶ𝑟ଶ𝑠𝑐 (6)

 438 

where 𝑐, 𝑡, 𝑟, 𝐷, 𝜔, and 𝑠 represents the concentration of the solute, 439 

sedimentation time, radial distance from the axis of rotation, diffusion coefficient, 440 

angular velocity of the rotor, and sedimentation coefficient, respectively. The 441 

sedimentation coefficient is defined as 442 

 443 s = 𝑢𝜔ଶ𝑟 (7)

 444 

and is a measure of the sedimentation speed of macromolecules when using the 445 

centrifugation method, which is equal to the speed per unit of the centrifugal field. 446 
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The sedimentation coefficient unit is Svedberg (symbol S), which is a unit of time and 447 

is equal to 10ିଵଷs. The diffusion coefficient of a molecular is related to its 448 

translational frictional coefficient, f, through the Einstein-Smoluchowski relationship: 449 

 450 𝐷 = 𝑅𝑇𝑁଴𝑓 = 𝑘஻𝑓  (8)

 451 

The unit of diffusion coefficient is cmଶ/s, also called Fick’s (symbol F), where 452 

1 F = 10ି଻cmଶ/s. 453 
 454 

GUSSI glycoprotein calculations  455 

GUSSI (Version 2.1.0) includes a glycoprotein analysis module that efficiently 456 

calculates glycan composition ratios. It uses 𝑐(𝑠) distributions from SEDFIT, 457 

combined with partial specific volumes, experimental temperature, the experimental 458 

solution density, viscosity, and 𝑓/𝑓଴, to directly quantify the fraction of the total mass 459 

of the carbohydrate in glycoprotein complexes. GUSSI’s theory for calculating 460 

glycoproteins is as follows. First, the assumed glycan fraction is 𝑞, and the 461 

hypothetical total glycoprotein molar mass is 𝑀ீ௉,௛: 462 
 463 Mୋ୔,୦ = 𝑛𝑀௣,௠௢௡௢1 − 𝑞  (9)

 464 

The apparent molecular mass 𝑀ீ௉,௦ can also be calculated from the 465 

experimental data according to the Svedberg equation: 466 
 467 Mୋ୔,ୱ = 𝑠ீ௉𝑅𝑇𝐷ீ௉(1 − 𝑣̅ீ௉𝜌) (10)

 468 

where 𝑠ீ௉ is the sedimentation coefficient of glycoprotein. The 𝑣̅ of glycoprotein 469 

needs to be recalculated based on the glycan fraction: 470 
 471 𝑣̅ீ௉ = 𝑞𝑣̅𝑐 + (1 − 𝑞)𝑣̅௉ (11)

It is easy to calculate the value of 𝑞, so that the hypothetical molar mass and the 472 

apparent molecular mass are consistent: 473 
 474 q =  1 − ሾψ(1 −  𝑣̅௉)ሿ1 +  ሾψρ(𝑣̅௉ −  𝑣̅஼)ሿ  (12)

 475 
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where 476 
 477 ψ = 𝑛𝑀௉,௠௢௡௢𝐷ீ௉𝑠ீ௉𝑅𝑇  (13)

 478 
 479 

The sedimentation distributions used in GUSSI are all taken from absorbance-480 

type data, because the frictional ratio is affected by all species, as more species can be 481 

detected in the interference optics. 482 
 483 

AUCAgent glycoprotein calculations 484 

Unlike GUSSI, the analysis of glycoprotein by AUCAgent is based on 485 

absorbance optics and interference optics, namely the absorption-interference 486 

difference method. In the interference optical system, the number of fringes 𝐽 487 

follows26: 488 
 489 𝐽 = 𝑐 𝑑𝑛𝑑𝑐 𝑙𝜆 (14)

 490 

where 𝑐 is the concentration, and 𝑑𝑛/𝑑𝑐 is the specific refractive increment. We 491 

used 0.185 mL/g for proteins and 0.15 mL/g for glycans. 𝑙 is the optical pathlength, 492 

and 𝜆 is the wavelength of the light used. In the absorbance optical system, the 493 

measured absorbance follows the Beer-Lambert law: 494 𝐴 = 𝜀𝑙𝑐 (15)
where ε is the molar extinction coefficient per cm, 𝑐 is the concentration, and 𝑙 is 495 

the optical pathlength determined by the centerpiece type. 496 

The quantitative determination of glycan occupancy in glycoprotein involves 497 

three sequential calculations: total glycoprotein (𝑐ீ௉) concentration is calculated using 498 

Equation (16): 499 

 𝑐ீ௉ = 𝐽𝜆𝑙 ⋅ 𝑑𝑛𝑑𝑐  (16)

protein core concentration (𝑐௉) is calculated using Equation (15): 500 
 501 c୔ = 𝐴𝑙 ⋅ 𝜀 (17)

 502 

and the glycan ratio is computed using 𝑐ீ௉ and 𝑐௉: 503 
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 504 q = 𝑐ீ௉ − 𝑐௉𝑐ீ௉ . (18)

 505 

As mentioned before, 𝑣̅ needs to be recalculated (Equation (11)) before 506 

calculating the glycoprotein total mass. The corresponding glycan proportion can be 507 

calculated using the process described above under the relevant parameters. 508 
 509 
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