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in adults [3]. However, polysaccharide based vaccines were 
less immunogenic for infants whose immune system is not 
fully developed and incapable of developing long-lasting 
immunity against pneumococcal infections. Pneumococ-
cal conjugate vaccines (PCVs) were developed to recruit 
helper T cells, and offer long lasting and more robust T-cell 
dependent immune responses and enhanced immunological 
memory. In PCVs, e.g. the recent FDA approved VAXNEU-
VANCE or PREVNAR 20, each polysaccharide serotype is 
modified and conjugated to a carrier protein, such as the 
diphtheria toxin mutant CRM197 (Cross-Reactive-Mate-
rial-197) [4–6].

Serotype 7F is among the serotypes with high invasive 
capacity and propensity to cause invasive diseases [7, 8]. 
Vaccines with 7F conjugate not only provide protection for 
the specific target serotype, but also could elicit protective 
immune response against other untargeted serotypes, such 
as 7A [9]. Therefore, serotype 7F conjugate is desired for 
novel PCV development [10]. In our effort to develop a 
15-valent pneumococcal conjugate vaccine (PCV15), sero-
type 7F was formulated with 1, 3, 4, 5, 6A, 6B, 9V, 14, 
18C, 19A, 19F, 22F, 23F, 33F and an aluminum adjuvant. 

Introduction

Streptococcus pneumoniae (S. pneumoniae) has been iden-
tified to associate with a range of serious illnesses, such 
as pneumonia, meningitis, otitis media and other invasive 
pneumococcal diseases (IPD). Capsular polysaccharides 
(CPS) from S. pneumoniae are known to be immunogenic. 
By far, over a hundred pneumococcal CPS serotypes have 
been identified, among which more than 30 serotypes can 
cause streptococcus infections [1, 2]. Initially, multi-valent 
pneumococcal polysaccharide vaccine (PPSV), such as 
23-valent PNEUMOVAX 23 was developed with success 
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Extensive analytical characterizations are required for 7F 
polysaccharide and conjugate, as well as for each other sero-
types. Here, we demonstrate our chromatographic analytical 
strategies for 7F. These strategies can be easily expanded to 
other PCV serotypes.

In a 7F capsular polysaccharide, each repeating unit (RU) 
is formed by seven monosaccharides comprised of two Gal-
actoses (Gal), one N-Acetyl galactosamine (GalNAc), one 
N-Acetylglucosamine (GlcNAc), one Glucose (Glc) and 
two Rhamnose (Rha) species (Fig.  1). In our conjugation 
process, it was first converted into aldehyde bearing poly-
saccharide species (Fig.  2, (B)) by an oxidative cleavage 
reaction. The aldehyde species was conjugated to the lysine 
residues in CRM197 protein to form the 7F pneumococcal 
conjugate. The resulting PCV product is a complex cross-
linked, polydisperse polymeric system (Fig.  2, (C)) that 

requires a plethora of analytical tools for process and qual-
ity control [11, 12].

Although the structure of 7F polysaccharide has been 
determined by nuclear magnetic resonance (NMR) [13, 14], 
analysis of the more complex polysaccharide protein conju-
gate by NMR and/or mass spectroscopy still meets consid-
erable challenges. Chromatography based methods are still 
the major tools for pneumococcal conjugate vaccine process 
development and monitoring. Size-exclusion chromatogra-
phy (SEC) can separate the large polysaccharide and conju-
gate on the column, while maintaining their native states in 
solution. Furthermore, when coupled with light scattering 
and other detectors, it can provide information about molar 
mass (Mw), conformation and shape of the analytes [15–
18]. These information is very valuable to understand pneu-
mococcal conjugates with Mw more than 1000 kDa, where 
3-dimensional structure determination by NMR or X-ray is 
still challenging [19].

Fig. 2  Activation and conjugation 
of pneumococcal 7F polysaccha-
ride. The polysaccharide (A) was 
activated to aldehyde containing 
species (B) by oxidation, before 
conjugation with CRM197 
protein to form pneumococcal 
conjugate (C)

 

Fig. 1  The structure of pneumo-
coccal 7F polysaccharide. Mono-
saccharide sequence that forms a 
7F polysaccharide repeating unit 
is shown below the structure
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In this study, we connect both dynamic light scattering 
(DLS) and multi-angle static light scattering (MALS) detec-
tors to the SEC, plus two concentration detectors with UV 
and refractive index (RI) for the SEC-UV-MALS-DLS-RI 
method (Sect. 2.3). In a single HPLC run, we can measure 
critical quality attributes (CQAs), such as molecular weight 
(Mw), radius of gyration (Rg), hydrodynamic radius (Rh) 
and conjugate protein to polysaccharide ratio (Pr/Ps), as 
well as the change of these attributes during process and 
storage. The Burchard shape factor ρ (Rg/Rh) and Burchart-
Stockmayer plot is used to evaluate the shape/conformation 
of the 7F polysaccharide and its CRM197 conjugate [20, 
21]. These provide timely and critical analytical input for 
process development.

Besides using the SEC method for polysaccharides and 
conjugates, we sought to have a chromatographic tool to 
help us to assess the conjugation on each monosaccharide. 
Literature has reported quantification of unconjugated poly-
saccharides on high-performance anion-exchange chroma-
tography with pulsed amperometric detection (HPAEC/
PAD) [22]. A GC/MS method was also reported to quan-
tify polysaccharides and conjugates [23]. To develop a 
chromatography method that can be commonly adapted in 
the process and quality control environment, a reversed-
phase ultra-performance liquid chromatography (RP-
UPLC) method was employed with sensitive fluorescence 
(FLR) detection (Sect.  2.5). In this, 7F conjugate was 
first degraded to monosaccharides by acid hydrolysis and 
labeled by 2-aminobenzoic acid (2-AA). The RP-UPLC 
method separates and quantify the labeled monosaccharide 
species in comparison with monosaccharide standards. The 
CRM197 conjugated monosaccharides will be separated 
out and excluded from quantification (Fig.  3). Therefore, 
the RP-UPLC measured concentration from each monosac-
charide represent the unconjugated intact saccharide, and 
can be used to assess the modification/conjugation level of 
each monosaccharide. Combination of the SEC and UPLC 
analysis would provide understandings of 7F conjugate at 
different molecular levels.

Materials and methods

Commercial reagents and materials

All Chemicals and monosaccharide standards were pur-
chased from Millipore Sigma (St. Louis, MO). Acquity 
UPLC BEH C18 2.1 × 100  mm column (1.7  μm, 130 Å) 
was obtained from Waters Corporation (Milford, MA). 
TSKgel GMPWxL size-exclusion chromatography column 
(7.8 × 300 mm, 13 μm) was ordered from Tosoh Bioscience 
(Japan). Bovine Serum Albumin (BSA) Standard Ampules 
(2  mg/mL) was ordered from Thermo Fisher (Catalog# 
23,209).

7F polysaccharide and 7F conjugate samples

All polysaccharides, activated polysaccharides and con-
jugates were produced internally by our vaccine process 
development group.

SEC-UV-MALS-DLS-RI analysis of 7F polysaccharides 
and conjugates

The size-exclusion chromatography analysis was performed 
on an Agilent system (1260 Infinity) (Agilent, DE, USA) 
equipped with UV diode array detector (DAD). A Wyatt 
static multi-angle static light scattering (MALS) detector 
(DAWN® or MiniDAWN®), a Wyatt Quasi-Elastic Light 
Scattering (QELS) DLS detector and an Optilab® T-rEX 
refractive index (RI) detector (Wyatt Technology Corp., 
Santa Barbara) were added in tandem after the Agilent 
UV detector. The detectors are in a tandem sequence of 
UV-MALS-DLS-RI. Peak alignment and band broadening 
were performed with a monodisperse BSA standard and the 
aligned chromatographic data are reported. All data were 
collected and analyzed with ASTRA software (ASTRA 7 
or 8). A TSKgel GMPWxL column (7.8 × 300 mm, Tosoh 
Bioscience, Japan) was used with a 10 mM Bis-Tris, 150 
mM NaCl, pH 6.8 mobile phase at constant flow rate of 0.8 

Fig. 3  Prepare 7F conjugate for 
RP-UPLC analysis. A 7F conju-
gate was hydrolyzed to monosac-
charides. Each monosaccharide 
was derivatized by 2-AA. The 
monosaccharide 2-AA derivatives 
were separated and analyzed on 
UPLC.
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Analysis of monosaccharides in 7F pneumococcal 
conjugate by RP-UPLC

Preparation of standards and 7F sample for 
monosaccharide analysis

Nine monosaccharide standards from Galactoses (Gal), 
N-Acetyl galactosamine (GalNAc), N-Acetylglucosamine 
(GlcNAc), Glucose (Glc), Rhamnose (Rha), Ribose (Rib), 
Mannose (Man), N-Acetyl-D-Mannosamine (ManNac) and 
Arabinose (Ara) were mixed together in water as a 30 µg/
mL stock solution. A 3 µg/mL standard solution of the nine 
monosaccharides was prepared by 10-fold dilution of the 
30 µg/mL stock solution. The 5-point standard curve was 
prepared by adding 200 µL of 2 N trifluoroacetic acid (TFA) 
into different amount of the 9-monosaccharide standard in 
5 different sealed vials (Supplementary Table S1). The TFA 
hydrolysis was completed by heating the vials at 100 oC 
for 2 h in the sealed vails. After hydrolysis, the solvent was 
evaporated on a GenVac EZ-2 evaporator (SP Scientific). 
35 µL solution of sodium carbonate, pH 9 was added into 
each vial, followed by 15 µL of acetic anhydride to cap the 
free amine groups. The vials are re-capped and incubated 
at ambient temperature for 30–45 min. After this, solvent 
in each vial was removed by GenVac again. 20 µL Mobile 
phase A (50 mM sodium acetate solution, pH 4.1) and 20 µL 
of 1.9 M anthranilic acid (2-AA, Millipore Sigma) DMSO 
solution was added into each vial, followed by 10 µL of 
1 M sodium cyanoborohydride solution in THF (Millipore 
Sigma). After sealing each vial, the 2-AA labeling reaction 
was heated at 85 oC for one hour. The reaction was cooled to 
ambient temperature and solution in the vial was spun down 
by centrifugation at 500 g for one minute. Solution in each 
vial was transferred into a Waters total recovery vial (Waters 
Corporation, Milford, MA) for HPLC analysis.

7F pneumococcal conjugate sample was diluted by 
water to desired concentration before analysis. 20 µL of the 
diluted sample was taken into the same reaction sequence 
above as the standards.

RP-UPLC analysis of hydrolyzed 7F conjugate

The RP-UPLC was performed on a Waters ACQUITY 
UPLC system (Waters Corporation, Milford, MA), includ-
ing a quaternary pump, sample manager, column compo-
nent, fluorescence (FLR) detector. The FLR was detected 
using excitation wavelength at 360  nm and emission 
wavelength at 435  nm (Ex 360  nm, Em 435  nm). Waters 
Acquity UPLC BEH C18 column (2.1 × 100 mm) was used, 
with column temperature at 40 oC. The gradient elution in 
Table  1 was formed by Mobile phase A (50 mM sodium 
acetate solution, pH 4.1) and Mobile phase B (20% mobile 

mL/min. Column temperature was set at 35 °C with 25 min 
HPLC run time for each injection.

7F polysaccharide was analyzed by a standard Astra light 
scattering method [24] to report polysaccharide Mw and 
content, whereas 7F conjugate was analyzed by Astra pro-
tein conjugate method that deconvolutes protein (CRM197) 
attributes from polysaccharide attributes in a conjugate. 
This allows measurement of both protein and polysaccha-
ride Mw and content from a single injection [25]. Zimm 
formalism was used for MALS to calculate weight aver-
aged molar mass (Mw) and radius of gyration (Rg) [26]. 
The hydrodynamic radius (Rh) was calculated from the 
DLS measured translational diffusion coefficient through 
the Stokes-Einstein relationship [27, 28]. The UV A280 
extinction coefficient for CRM197 is 0.903 mL/(mg•cm). 
A generic protein dn/dc value of 0.185 mL/g was used for 
CRM197 and BSA. A normalized dn/dc of 0.133 mL/g was 
used for 7F polysaccharides [29].

1 H NMR analysis of activated 7F polysaccharide 
intermediate

NMR sample was placed in magnet after the 7F polysac-
charide powder sample was dissolved in 700 µL D2O (99.9 
atom %D, Cambridge Isotope Laboratories). 1D proton 
NMR spectra of the polysaccharides were recorded on a 
Varian Unity Inova 600 MHz NMR spectrometer equipped 
with a cryogenic HCN probe. The probe temperature was 
set to 49  °C and standard Varian pulse sequences were 
used for 1D proton NMR spectra. Data were acquired with 
8 kHz spectrum width, covering from − 1 to 12.0 ppm, with 
0.3 Hz digital resolution. For the samples in D2O, transients 
of 4 scans were acquired following 2 steady state scans and 
57 s relaxation delay. 1D proton NMR data were collected 
at timepoints at ambient temperature (20 oC), after the 7F 
polysaccharide was dissolved in D2O, i.e. 0 and 20 h. Exper-
imental data were processed using VnmrJ 4.2 and Mes-
tReNova. The observed chemical shifts (δ) were referenced 
to internal sodium 4,4-dimethyl-4-silapentane-1-sulfonate 
(DSS-d6) at 0.0 ppm.

Table 1  RP-UPLC flow rate and gradient table
Time (min) Flow rate (mL/min) Mobile phase

%A %B
0 0.3 97.0 3.0
1 0.3 97.0 3.0
5 0.3 92.5 7.5
13 0.3 92.5 7.5
28 0.3 80.0 20.0
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range for conjugate on DLS is consistent with increased 
polydispersity (PDI, Mw/Mn) for conjugate from MALS 
measurement (Table 2, PDI).

The Burchard shape factor ρ (Rg/Rh) is an important 
parameter to understand polymer shape and conformations. 
Generally, a globular protein such as CRM197, has a ρ value 
of ~ 0.77, whereas the ρ value of 1.0 to 1.1 corresponds to 
branched chains, and 1.5 to 1.8 indicates linear coil chains 
[30, 31]. The overall ρ value of 1.42 for 7F polysaccharide 
(Tables 2 and 7F Ps) indicates that the polysaccharide adapts 
mostly linear coil conformations. Slightly drop of overall ρ 
value to 1.36 after conjugation (Tables 2 and 7F Conjugate) 
suggests that adding CRM197, a more compact molecule 
to 7F polysaccharide with more extended chain conforma-
tion, only brought in small overall conformation change. 
Burchard-Stockmayer plots were generated for both 7F 
polysaccharide and conjugate (Fig. 5). The ρ value (Rg/Rh) 
of 7F polysaccharide is distributed in a narrow range across 
the peak. This indicates that the 7F polysaccharide adopts 
relative consistent conformation, even though there is a 
shoulder peak on the chromatography. On the other hand, 
there is a rise of ρ value at the tail of 7F conjugate peak. This 
indicated there was a conformation change at the peak tail 
for a small population of conjugates.

Understanding conjugate intermediate Mw change

Both unconjugated 7F intermediates and 7F conjugates were 
stored frozen. The activated 7F polysaccharide intermedi-
ates (Ps-1 in Table 3) and 7F conjugates are stable during 

phase A, 80% MeOH solution) with constant flow rate of 
0.3 mL/min.

Results and discussion

SEC-UV-MALS-DLS-RI characterization of serotype 
7F in the conjugation process

The SEC-UV-MALS-DLS-RI method was used to measure 
critical quality attributes for both unconjugated polysac-
charide intermediate and the conjugate formed in the con-
jugation reaction. These measured analytical attributes are 
listed in Table 2. During conjugation, the CRM197 protein 
reacted with activated 7F polysaccharide to form a 7F con-
jugate with Pr/Ps (w/w) ratio of 0.90. The conjugate has 
larger size (Mw, Rg and Rh) than the unconjugated polysac-
charide starting material. The greatly increased size (more 
than 10-fold increase in Mw) was the result of crosslinking 
of polysaccharide chains by the CRM197 protein, as both 
CRM197 and activated 7F polysaccharide have multiple 
sites for conjugation. In the hydrodynamic radius (Rh) dis-
tribution plot (Fig. 4) from dynamic light scattering (DLS), 
the 7F polysaccharide showed two distinctive Rh distribu-
tion patterns that resulted in a shoulder peak on the SEC 
chromatogram. After conjugation, a smooth Rh distribu-
tion across a single conjugate peak was observed. The 7F 
conjugate Rh range spans from ~ 15 to 50 nm, whereas the 
unconjugated polysaccharide is smaller with a narrower Rh 
distribution (~ 12 to 25 nm). The increased Rh distribution 

Table 2  Comparison of 7F conjugate with 7F polysaccharide (Ps) on SEC-UV-MALS-DLS-RI
Sample Mw (kDa) PDI (Mw/Mn) Rg (nm) Rh (nm) Shape factor ρ (Rg/Rh) Pr/Ps (mg/mg)
7F Ps 296 1.07 23 16 1.42  N/A
7F Conjugate 4187 1.58 44 32 1.36 0.90

Fig. 4  Hydrodynamic radius (Rh) distribution on SEC: (A) 7F polysaccharide; (B) 7F conjugate
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(Fig. 6). This highlighted the ability of SEC-MALS method 
to detect changes in stability study. Therefore, it can be used 
as a stability-indicating assay.

Considering the graduate change detected at 20 oC, we 
hypothesized that a transition hemiacetal bond might have 
formed and linked polysaccharides together in the explor-
atory lot. Formation of such hemiacetal bond was reported 
in an enzymatic oxidation of polysaccharides to aldehyde 
species [32]. Hydrolysis of such unstable hemiacetal linkage 
in aqueous solution would lead to smaller polysaccharide 
fragments (Fig. 7), as observed by Mw decrease in Fig. 6. 
To further substantiate this hypothesis, the lyo powder of 
this activated 7F polysaccharide lot was dissolved in D2O 
and monitored by 1 H NMR at 0 and 20 h at ambient temper-
ature (20 oC). An extra aldehyde 1 H peak (~ 9.3 ppm) was 
observed after 20 h at ambient temperature (Supplementary 
Fig. S1). This suggested presence of labile precursor func-
tional groups, such as acetal or hemiacetal in the activated 
polysaccharide lot. A new aldehyde functional group and 
fragmented polysaccharides could be formed as a result of 
hydrolysis of a labile acetal or hemiacetal functional group.

Analysis of saccharide conjugation level by RP-
UPLC-FLR

Although we have developed a powerful chromatography 
method that is capable of quantification of each polysaccha-
ride in the vaccine [33], an orthogonal method to quantify 
each monosaccharide within a polysaccharide conjugate is 
desired for process understanding of the conjugation site 
and level within a polysaccharide repeating unit. A hydroly-
sis based RP-UPLC method was developed for this purpose. 
The RP-UPLC is capable of separating nine monosaccha-
ride 2-AA derivatives for quantification of monosaccha-
rides from 7F or other pneumococcal serotypes (Fig. 8 and 

the standard freeze-thaw process (6 oC), and their molecular 
weights (Mw) measured by SEC-MALS remain unchanged 
for seven days (Table 3). To demonstrate the ability of SEC-
MALS method detect a small change in stability monitoring 
studies, an exploratory activated 7F polysaccharide lot was 
stressed at 20 oC and the Mw was measured during a time 
course. The gradual Mw change was detected over time 

Table 3  Stability of 7F polysaccharide and conjugate in freeze-thaw 
at 6 oC
Time in 6 oC (day) Mw (kDa)

Conjugate Ps-1
0 5807 332
1 5860 337
3 5930 336
5 5884 335
7 5881 338
%RSD 0.8 0.7
Day-7/Day-0 (%) 101 102

Fig. 6  Monitoring Mw change of an activated 7F polysaccharide at 
20 oC

 

Fig. 5  Burchard-Stockmayer plots for: (A) 7F polysaccharide; (B) 7F conjugate. Rg/Rh represents the Burchard shape factor ρ
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GalNac molar concentration can be used to represent the 
concentration for one intact monosaccharide in 7F. The rest 
monosaccharides were normalized against GalNac by molar 
concentration to assess their conjugation levels (Supple-
mentary Table S3 and Table 5). As demonstrated in Tables 4 
and 7F conjugation mostly occurred on the Galactoses (Gal) 
in a repeating unit, with ~ 26% of Gal conjugated. With this, 
we have gained a quick readout about the conjugation level 
and site without involving extensive structural characteriza-
tion of the complex conjugate molecules.

Conclusions

Pneumococcal conjugates are complex glycoconjugates 
with high polydispersity and heterogeneity. Development 
of a multivalent pneumococcal conjugate vaccine requires 
extensive analysis and good quality control for each indi-
vidual serotype. Pneumococcal serotype 7F is among the 
few serotypes that have highest invasive disease potential 
and greatest impact on vaccine efficacy. It has a relatively 
more complex repeating unit structure than other pneu-
mococcal serotypes. Using serotype 7F as an example, we 
have developed two orthogonal chromatographic methods 
as powerful tools for understanding the glycoconjugation 
process and for glycoconjugate analysis. Such analytical 

Supplementary Fig. S2). Standard curves were generated and 
good linearity were observed for all 9 monosaccharides on 
log to log scale (Supplementary Table S2 and Fig. S3). Acti-
vation of saccharide through oxidative cleavage requires a 
vicinal diol as reactive site to generate aldehydes for conju-
gation. The GalNac saccharide in a 7F polysaccharide does 
not carry a diol functionality for activation and therefore 
could not conjugate to the CRM197 protein. The rest of the 
monosaccharides in the 7F i.e. Gal, Rha, Glc and GlcNac all 
have vicinal diols that can be activated for CRM197 con-
jugation (Fig. 1). Based on this structural information, the 

Table 4  Conjugation levels on each monosaccharide
Monosaccharide Gal Glc Rha GlcNac GalNac
[Monosaccharide] 
(mM)

0.578 0.432 0.761 0.403 0.391

Monosaccharide 
unit normalized 
against GalNac (one 
unit)

1.48 1.11 1.95 1.03 1.00

Theoretical mono-
saccharide unit in 
7F a repeating unit

2 1 2 1 1

% intact (unconju-
gated) saccharide

74 111 97 103 100

% conjugation per 
saccharide (conju-
gation level)

26 0 3 0 0

Fig. 8  RP-UPLC separa-
tion of nine 2-AA derivatized 
monosaccharides

 

Fig. 7  Proposed hydrolysis of activated polysaccharide structure (A) 
linked by a transitional hemiacetal bond. After hydrolysis, the origi-
nal polysaccharide (A) was fragmented into two smaller (lower Mw) 

polysaccharides (B) and (C). An extra aldehyde group on (B) could be 
observed on 1 H NMR.
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