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Introduction
The development of a robust oral solid dosage form requires knowledge of all the sources of variation that 
could impact the dosage form’s performance and stability, in line with Quality-by-Design (QbD) [1–3]. This 
requires a deep understanding of the relationships between raw material properties, the process parameters 
and the final product quality. 

Disintegrants are well-known excipients that can be used in the formulation of oral solid dosage forms to 
promote the disintegration of tablets and capsule slugs when placed in aqueous environments or body fluids. 
Disintegration refers to the process of breaking up a dosage form into smaller particles, to increase the 
surface area of the active pharmaceutical ingredient available for dissolution and subsequently absorption. 
Disintegrants are commonly classified in literature as traditional disintegrants and superdisintegrants [4]. 
Superdisintegrants have improved efficiency and facilitate faster disintegration in smaller quantities. 
Superdisintegrants include croscarmellose sodium, crospovidone and sodium starch glycolate (SSG). 

SSG was the first superdisintegrant introduced on the market. SSG allows for rapid water penetration into the 
dosage form and powerful swelling results in disintegration. Swelling is defined as the multi-dimensional 
expansion of particles. This internal pressure separates adjoining components, and breaks the matrix when 
the adhesion and cohesion of ingredients is overcome [5]. 

SSG is synthesized from starch polymers that are modified by the introduction of carboxymethyl groups and 
cross-links [6]. The degree of carboxymethyl substitution and the degree of cross-linking are important 
factors for the effectiveness of SSG as a superdisintegrant [7,8]. Unmodified starch consists of amylose and 
amylopectin chains. It hardly swells or dissolves in cold water because of strong inter- and intra- molecular 
hydrogen bonds [9]. Carboxymethylation is the substitution of hydroxyl groups by anionic, strong hydrophilic 
carboxymethyl ester groups. Carboxymethyl ester groups weaken the internal structure by reducing the 
hydrogen bonding between the polymer chains. They allow for swelling of the starch structure when brought 
into contact with water. Carboxymethylation increases the solubility of the starch and the viscosity of the 
starch solution. Carboxymethylated starch however hardly takes up any water in the starch structure, due to 
the viscous barrier that is created which inhibits further water uptake [10]. Cross-linking is the formation of 
covalent bonds between the polymer chains and is performed to prevent dissolution of the modified starch 
particles into a viscous solution (gel formation), while maintaining hydrophilicity [11–13]. Cross-links decrease 
the swelling capacity, solubility, and viscosity. The degree of cross-linking should be high enough to avoid the 
detrimental effect of the viscous barrier but should be low enough to retain sufficient water uptake [10]. 
Bolhuis et al. found optimal performance for SSG when 1 in 4 anhydroglucose units was carboxymethylated, 
and 1 in ~500 anhydroglucose units was cross-linked [10,14]. 

Multiple types of SSG are described in the United States Pharmacopeia (USP) and the European 
Pharmacopeia (Ph.Eur.), as shown in Table 1 [15–17] . Both pharmacopeia describe sodium starch glycolate 
type A and B in their monographs, which differ in the pH and sodium content. The Ph.Eur. describes one 



additional type of SSG, namely type C. For type C, the Ph.Eur. specifies that the cross-linking is obtained by 
physical dehydration. 

TABLE 1 OVERVIEW OF THE DIFFERENT TYPES OF SSG THAT ARE DESCRIBED IN THE UNITED STATES 

PHARMACOPEIA AND THE EUROPEAN PHARMACOPEIA.

Test Type A Type B Type C*
pH 5.5-7.5 3.0-5.0 5.5-7.5
NaCl Max. 7% Max. 7% Max. 1%
LOD Max. 10% Max. 10% Max. 7%
Sodium assay 2.8 – 4.2 % 2.0 – 3.4 % 2.8 – 5.0 %
*Only defined by the Ph. Eur. which specifies that cross-linking should be obtained via physical dehydration

Commercially available SSG grades type A differ chemically from each other through the type of cross-link 
that is used [18]. Two types of cross-links are available, being phosphorous (phosphate-ester) cross-links and 
ester (internal, carboxyl or non-phosphorous) cross-links, as visualized in Figure 1. Phosphorous cross-links are 
produced using a chemical cross-linking agent. Phosphoryl chloride (POCL3), sodium trimetaphosphate 
(STMP), and sodium tripolyphosphate (STPP) are agents approved by the FDA that are used to create 
phosphorous cross-links in SSG [18–21]. Ester cross-links can be formed by dehydration or by employing 
cross-linking agents such as epichlorohydrin1, citric acid, a mixture of adipic acid/acetic anhydride, a mixture 
of succinic anhydride/vinyl acetate, and genipin [18,19]. The relevance of the type of cross-links is 
acknowledged by the USP, which specifies that commercially available SSG should be labeled to indicate the 
cross-linking agent (if used) [16].

FIGURE 1 CHEMICAL STRUCTURE OF SSG WITH PHOSPHOROUS CROSS-LINKS (A) AND ESTER CROSS-LINKS (B) 

[7].

Both phosphorous and ester cross-links are effective in preventing the formation of a viscous barrier when 
going into solution. The main difference in application between the two types of cross-links is however 
related to their chemical stability. Phosphorous cross-links are chemically stronger than ester cross-links, 
which may be susceptible to hydrolysis [22]. Storage at high humidity, shear stresses and alkaline conditions 
can be risk factors that increase the likelihood of cross-link hydrolysis [23]. When cross-links hydrolyze, the 
hydrophilic chains of the starch particles become more soluble, increasing the viscosity and gelling [24]. Such 

1 carcinogenic and not approved anymore



gelling allows the formation of a viscous barrier that slows down water penetration into the tablet and retard 
the activation of the disintegrant within the core of the tablet [25], as visualized in Figure 2.

FIGURE 2 SSG PARTICLES WITH INTACT CROSS-LINKS IN THE STRUCTURE (LEFT) SWELL UPON CONTACT WITH 

WATER. WHEN CROSS-LINKS ARE HYDROLYZED (RIGHT), CONTACT WITH WATER RESULTS IN THE FORMATION OF 

A VISCOUS BARRIER, WHICH IMPEDES WICKING AND TABLET DISINTEGRATION. 

This paper describes a new method to assess the strength of cross-linking (SXL), by comparing the sediment 
volume of precipitation of SSG gelling before and after exposure to alkaline conditions. Reduced levels of 
cross-linking are quantified by evaluating changes in the sediment volume of the gel. Understanding cross-
link type and SXL of SSG can support formulators with the development of reliable and robust formulations. A 
low SXL indicates a high risk for cross-link hydrolysis, while an SXL of 1 suggests a low risk for hydrolysis. The 
SXL is quantified for seven marketed SSG grades and linked to the type of cross-linking in the chemical 
structure. It is hypothesized that SSG grades with phosphorous cross-links have an SXL close to 1, while SSG 
grades with ester cross-links have substantially lower SXL. 

The SSG grades are also evaluated in a wet granulation formulation with atenolol to investigate the relation 
between SXL on the one hand and tablet disintegration and active pharmaceutical ingredient (API) 
dissolution performance on the other hand. Lower SXL is expected to correlate to slower tablet disintegration 
and API dissolution in the model formulation, due to the reduced wicking caused by the formation of a viscous 
barrier. Wet granulation with atenolol serves as a representative formulation example to evaluate the 
susceptibility of SSG to hydrolytic degradation. Wet granulation involves exposure to moisture and thermal 
stress, which can compromise the stability of SSG. Additionally, atenolol, a weak base with a pKa of 9.6 
[29,30], may contribute to alkaline conditions during processing, further increasing the risk of degradation of 
the cross-links. Direct compression formulations, in contrast, serve as a control to isolate intrinsic 
performance differences among various SSG grades.

Materials and methods
Materials
Table 2 provides details of the materials used in this study. Additionally, the type of cross-linking of the seven 
commercial SSG grades included in this study is specified. The chemical structure of phosphorous and ester 
cross-linked SSG is visualized in Figure 1A and 1B respectively.



TABLE 2 OVERVIEW OF THE MATERIALS USED IN THIS STUDY. THE TYPE  OF CROSS-LINKS IS SPECIFIED FOR THE 

SEVEN COMMERCIAL SSG GRADES.

Grade denotification Grade  Supplier Type of cross-links
Atenolol 2288-0500 Ofipharma
MCC-101 Pharmacel® 101 DFE Pharma
Povidone Kollidon® K30 BASF
MCC-102 Pharmacel® 102 DFE Pharma
Magnesium Stearate STB K5280 Sigma Aldrich
Anhydrous lactose SuperTab® 21AN DFE Pharma
SSG-A Primojel® DFE Pharma, the Netherlands Phosphorous [26]
SSG-B Explotab JRS, Germany Phosphorous [26]
SSG-C Vivastar P JRS, Germany Ester [26,27]
SSG-D Glycolys Roquette, France Phosphorous [25]
SSG-E Glycolys Maize Roquette, Brazil Ester*
SSG-F Glycolys low solvent Roquette, Brazil Ester*
SSG-G DST YungZip, Taiwan Ester [28]

*based upon indication on Certificate of Analysis “cross-linking agent: none” 

Methods
Strength of cross-linking determination 

The strength of cross-linking (SXL) was determined (n=5) by measuring the sediment volume of precipitation 
after gelling before and after exposure alkaline conditions, as shown in Figure 3. 20 g of SSG was suspended in 
100 mL of an ethanol/water mixture. An ethanol content of 80 %w/w was selected in accordance with the 
specifications outlined in the SSG monographs for assay testing by the USP and Ph.Eur [15,16]. A reference 
sample of 10 mL was taken with a pipette out of this stock solution and filled to a volume of 100 mL of water. 
2 mL of 0.5M sodium hydroxide (NaOH) solution was added to the SSG stock solution and the solution was 
stirred. After 30 minutes, a new 10 mL sample was withdrawn from the stock solution, neutralized with 200 µl 
of 0.5M hydrochloric acid (HCl) and filled to 100 mL. After 4h, both samples were stirred with a spatula. The 
sediment volume of the formed gel in the samples was measured after 20h and the pH was measured with a 
pH meter (Eutech pH 6+, Thermo Fisher Scientific, Waltham, MA, USA). The SXL is calculated as the ratio 
between the sediment volume of the reference sample not exposed to alkaline conditions (SV0) and the 
sediment volume of the sample after exposure to alkaline conditions (SVNaOH) :

𝑆𝑋𝐿 =
𝑆𝑉0

𝑆𝑉𝑁𝑎𝑂𝐻
                                                                                     (1)

FIGURE 3 THE STRENGTH OF CROSS-LINKING (SXL) MEASUREMENTS OF SEDIMENT VOLUME OF GELLING BEFORE 

(1) AND AFTER (2) EXPOSURE TO ALKALINE CONDITIONS FOR PHOSPHOROUS CROSS-LINKED SSG-A (A) AND 

ESTER CROSS-LINKED SSG-C (C).

Wet granulation

Tablets were formulated using the compositions described in Table 3. In this formulation, 2% w/w of SSG is 
used intragranularly and 4% w/w is used extragranularly. Seven different granulation runs were performed, 

A1         A2          C1         C2



each containing a different grade of SSG. Atenolol is used as a model API. Atenolol is a BCS class III drug with 
a PkA of 9.6 [29,30].

TABLE 3 OVERVIEW OF THE INGREDIENTS (GRADE AND SUPPLIER) USED IN THE WET GRANULATION STUDY. 

Ingredients Location g/blend % w/w
Atenolol Intragranular 233.1 33.3
MCC-101 Intragranular 317.8 45.4
SSG Intragranular 14.0 2.0
Povidone Intragranular 14.0 2.0
MCC-102 Extragranular 86.1 12.3
SSG Extragranular 28.0 4.0
Magnesium Stearate Extragranular 7.0 1.0
Total 700 100.0

Granulation was performed using a top driven high shear granulator (Procept 4M8, Belgium).  Atenolol, 
Pharmacel® 101 and SSG were mixed for 5 minutes with an impeller speed of 500 rpm and chopper speed of 
2000 rpm. A solution of povidone K30 was prepared by dissolving 14 g of the polymer in 300 g water under 
continuous stirring until a homogeneous solution was obtained. Subsequently, the blend was granulated 
using 300 g of solution of povidone K30 for 7 min at an impeller speed of 500 rpm and a chopper speed of 2000 
rpm. An additional 57 g of water was added after the addition of the povidone solution at the same impeller 
and chopper speed. The resulting mass was dried in a fluid bed dryer (TG200, Retsch, Germany) at 60 ˚C and 
an air flow of 30% until a smoisture content below 2% w/w was obtained when drying 1 gram of material at 
130 °C for 1.5 h (Sartorius MA150 Moisture Analysis Balance, Germany). The resulting granules were sieved 
through an 850 µm oscillating sieve (Erweka AR400, Germany).

The particle size distributions of the granules (n=3) were determined by dry laser diffraction (Helos/KR, 
Sympatec H3575, Germany) using a vibratory dispersion unit with a feed rate of 100%, a gap width of 3 mm 
and an air pressure of 1.5 bar. 

Blends of the granules, Pharmacel® 102 and the extragranular SSG were produced in a Turbula blender 
(Turbula T2F, Willy A. Bachofen, Basel, Switzerland) at 96 rpm for 8 min. Subsequently, the blend was 
lubricated using magnesium stearate at 96 rpm for 2 min. Blends were composed as described in Table 3. 
Tablets were compressed using a rotary tableting press (Luxner RoTab T, Germany) with five flat beveled 
punches (iHollland, United Kingdom) with diameter 9 mm. Tablets of 250 ± 2 mg were compacted with a 
rotating frequency of 25 rpm, resulting in a dwell time of 60 ms. Samples were taken after running at 
equilibrium for 2 min. The compression force was varied, targeting for each formulation a tablet tensile 
strength of 1.2 MPa and 1.8 MPa (±10%).

Direct Compression 
All powders (with exception of magnesium stearate) were conditioned overnight in a Memmert climate 
chamber, at 20 °C and relative humidity (RH) 30%.

Blends weighing 500 grams were produced in a Turbula blender (Turbula T2F, Willy A. Bachofen, Basel, 
Switzerland) at 96 rpm for 8 min. Lubrication was performed by adding 0.5% w/w magnesium stearate and 
blending for another 2 min at 96 rpm in a Turbula blender. Blends were composed as described in Table 4. 

TABLE 4 OVERVIEW OF THE INGREDIENTS (GRADE AND SUPPLIER) USED FOR DIRECT COMPRESSION. 

Ingredients g/blend % w/w
Anhydrous lactose 487.5 97.5
SSG 10 2.0
Magnesium Stearate 2.5 0.5
Total 500 100



Tablets were compressed using a rotary tableting press (Luxner RoTab T, Germany) with five flat beveled 
punches (iHollland, United Kingdom) with diameter 9 mm. Tablets of 250 ± 2 mg were compacted at 
compaction forces of 5 kN, 10 kN and 15 kN with a rotating frequency of 25 rpm, resulting in a dwell time of 60 
ms. Samples were taken after running at equilibrium for 2 min. 

Tablet testing
Tablets were analyzed on tablet crushing force, weight, diameter, and thickness (n=20) using an automated 
tablet tester (Sotax AT50, Switzerland). Force to break the tablet is measured at constant speed of 120 
mm/min (2mm/s), maximum force needed to break the tablets is used as tablet crushing force. The tablet 
tensile strength (TTS) is derived from the tablet crushing force (TCF), diameter (D) and tablet height (H) for 
flat beveled tablets [31]: 

𝑇𝑇𝑆 =
2 ∙ 𝑇𝐶𝐹
𝜋 ∙ 𝐷 ∙ 𝐻                                                                                   (2)

Tablet disintegration time (n=6) of all formulations was measured on a disintegration tester ZT122 (Erweka, 
Germany) in water. The slope of the disintegration time as a function of tablet tensile strength was used to 
interpolate the disintegration time at 1.2 MPa, enabling normalization across samples for comparative 
analysis. Tablet dissolution (n=6) for tablets of 1.2 MPa produced via wet granulation was determined with a 
dissolution tester (VanKel VK7000, Agilent, Santa Clara CA, USA) according to the USP monograph Atenolol 
Tablets [32]. Testing was performed in a buffer of pH 4.6 consisting of 44.9% v/v 0.1M sodium acetate 
solution and 55.1% v/v 0.1M acetic acid solution. Samples of 5 mL were taken with an autosampler after 0, 3, 
6, 9, 15, 30, 60, 120, 180 and 240 min in glass tubes. The atenolol concentration in the samples was measured 
at a wavelength of 224 nm using a UV/VIS spectrophotometer (Lambda 25, Perkin Elmer, MA, USA). The UV 
absorbance was translated to atenolol concentration by using a calibration line produced from stock solutions 
with concentrations of 2.5, 5, 10, 20 and 40 µg/mL. The time at which 80% of the atenolol is dissolved is 
defined as the Q80. 

Results and discussion
Strength of cross-linking
Figure 4 shows the strength of cross-linking (SXL) for the different SSG grades. The average and standard 
deviation of the measurement of one batch (n=5) is shown. SXL data of the individual measurements and 
additionally tested batches is present in Supplementary Table 1. The SXL for SSG-A, SSG-B and SSG-D is 
close to 1, suggesting that no hydrolysis of the cross-links occurred during the exposure to alkaline conditions. 
These grades are all known to be produced with phosphorous cross-links and were therefore expected to have 
low susceptibility to cross-link hydrolysis and an SXL close to 1. In contrast, the SXL for SSG-C, SSG-E, SSG-F 
and SSG-G is between 0.4 and 0.7. This suggests a substantial fraction of cross-links were hydrolyzed upon 
exposure to alkaline conditions, likely due to  the presence of ester cross-links. The results are in line with the 
expectation, as ester cross-links are reported to be present for SSG-C and SSG-G [26–28]. SSG-E also shows 
low strength of cross-links. SSG-E is produced from maize starch, while other SSGs are produced from potato 
starch. Maize starch is reported to be morphologically and functionally different to potato starch, which might 
explain the observed difference [33,34].

 



FIGURE 4 STRENGTH OF CROSS-LINKING (SXL) FOR ONE BATCH OF EACH SSG GRADE (N=5). ERROR BARS 

INDICATE THE STANDARD DEVIATION. THE SXL IS APPROXIMATELY 1 (0.9-1.1) FOR SSG-A, SSG-B AND SSG-D 

WHICH CONTAIN PHOSPHOROUS CROSS-LINKS. THE SXL IS BETWEEN 0.4 AND 0.7 FOR THE OTHER GRADES, 

WHICH ARE MORE SUSCEPTIBLE TO HYDROLYZATION.

The pH of the samples was measured and results are summarized in Table 5. All samples, except SSG-G, 
exhibited pH values comparable to the reference sample, indicating successful neutralization. The SSG-G 
sample showed a lower pH after exposure to alkaline conditions. This deviation does not account for the 
increased swelling observed in SSG-G, as sodium starch glycolate (SSG) typically exhibits reduced swelling at 
lower pH values [35,36]. The origin of the pH discrepancy in SSG-G remains unclear and could be explored in 
future studies. 

TABLE 5 OVERVIEW OF THE PH OF THE SAMPLES USED FOR TESTING THE STRENGTH OF CROSS-LINKING.  

SSG pH0 (pH of the 
reference sample, -)

pHNaOH (pH of the sample after 
exposure to alkaline conditions, -)

SSG-A 7.1 7.1
SSG-B 6.4 6.5
SSG-C 6.1 6.5
SSG-D 7.4 7.4
SSG-E 6.4 6.1
SSG-F 7.3 7.2
SSG-G 6.3 5.3

Wet granulation performance
The relation between the disintegration time, normalized for tablets of 1.2 MPa, and the strength of cross-
linking for the different SSG grades is displayed in Figure 5. Supplementary Figure 1 shows the disintegration 
time as function of the tablet tensile strength for tablets made from granules with different SSG grades. 
Fastest disintegration is observed for tablets containing SSG grades with the highest cross-linking strengths. 
This graph shows that SSG grades with a strength of cross-linking of 1 provide faster disintegrating after the 
exposure to stress than SSG grades with an SXL below 0.8. 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

SSG-A SSG-B SSG-C SSG-D SSG-E SSG-F SSG-G

St
re

ng
th

 o
f c

ro
ss

-li
nk

s 
(-

) 



 

FIGURE 5 RELATION BETWEEN SXL AND NORMALIZED DISINTEGRATION TIME FOR TABLETS OF 1.2 MPA 

STRENGTH. 

Figure 6 shows the dissolution profile of the different SSG grades. A calibration line with R² = 0.9994 was used 
to translate the UV absorbance to atenolol concentration. Tablets produced with SSG-A, SSG-B and SSG-D 
obtained >97% atenolol dissolution after 60 min. Those SSG grades have an SXL of approximately 1 and were 
therefore expected to have the fastest drug release upon dissolution testing. Tablets produced with SSG 
grades having an SXL of <0.8 all showed dissolution profiles with >97% atenolol dissolution after 120 min or 
more. 

 

FIGURE 6 DISSOLUTION PROFILES OF WET GRANULATED TABLETS OF 1.1-1.3 MPA PRODUCED WITH THE 

DIFFERENT SSG GRADES. SSG-A, SSG-B AND SSG-D HAVE CROSS-LINK STRENGTHS OF APPROXIMATELY 1, 

RESULTING IN THE FASTEST DISSOLUTION. 

The Q80 (the time at which 80% w/w of the total atenolol is dissolved) is displayed as function of the SXL in 
Figure 7. An acceptance criterion for Q=80% at 30 min is described in the USP for atenolol tablets [32]. SSG 
grades with phosphorous cross-links and an SXL close to 1 (0.9-1.1) all realize 80% atenolol dissolution within 
25 minutes, where all grades with ester cross-links realize 80% atenolol dissolution after 45 minutes or more. 
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These results suggest that the type of cross-link is a critical attribute that can result in dissolution success or 
failure of the formulation.  

 

FIGURE 7 THE Q80 FOR DISSOLUTION PROFILES OF WET GRANULATED TABLETS OF 1.1-1.3 MPA PRODUCED 

WITH THE DIFFERENT SSG GRADES. THERE IS A CORRELATION BETWEEN CROSS-LINKING STRENGTH AND Q80, 

WITH A COEFFICIENT OF DETERMINATION (R²) OF 0.897. 

A linear correlation is observed, with a lower Q80 for higher SXL. The excellent fit (R² = 0.90) of the graph 
shows that the SXL is a reliable indicator to predict the dissolution performance of SSG after the exposure to 
stress, like alkaline conditions during wet granulation. Understanding cross-link type and SXL of SSG can 
therefore support formulators with the development of good, robust formulations, in line with a quality-by-
design approach. 

It should be noted that the particle size of the granules was not equivalent, explained by the uncontrolled 
gelling of the SSG grades, which made controlling particle size during the wet granulation process challenging 
(Supplementary Figure 2). Supplementary Figure 3 illustrates the correlation between particle size (x50 and 
span) and both disintegration and dissolution Q80. A correlation was observed between particle size and 
disintegration time, whereas no meaningful correlation was found between particle size and dissolution. 
These findings suggest that differences in disintegration time may be (partly) explained by the difference in 
granule particle size, but that dissolution Q80 differences cannot be explained by the difference in granule 
particle size. Larger granules typically exhibit longer disintegration and dissolution times due to their lower 
surface area-to-volume ratio. Moreover, smaller granules tend to be more porous, while larger ones can 
contribute to a denser tablet matrix [37,38]. 

It is believed that the differences in particle size of the granule alone are insufficient to explain the large 
differences observed in disintegration and dissolution times, as tablets from the same tablet tensile strength 
were compared. A lower SXL leads to increased gelling and lower particle size control during granulation, 
resulting in larger granules. Consequently, samples with lower SXL consistently show both larger granules and 
longer disintegration times. These outcomes are attributed to the same underlying mechanism, rather than 
indicating a direct causal relationship. Additional research to isolate the effect of SXL from the effect of 
granule particle size is suggested.  

Supplementary Figure 4 displays the disintegration time as function of the tablet tensile strength for tablets 
made by direct compression with 2% w/w SSG in the composition. This relatively simple formulation with 
anhydrous lactose, SSG and magnesium stearate is used as a reference to evaluate the inherent performance 
differences of SSG in a formulation where hydrolysis stresses are limited. No substantial performance 
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differences were observed for the different SSG grades, strengthening the hypothesis that the observed 
differences in wet granulation are related to differences in the SXL. 

In general, best disintegration performance after wet granulation with atenolol was shown for formulations 
that are produced with SSG with higher SXL. The developed method to evaluate the chemical stability of SSG 
cross-links was shown to be effective and provides a good indication on disintegration performance 
robustness upon the application of stress. In this particular case, wet granulation conditions led to hydrolysis 
of ester cross-links, which affected disintegration time and API dissolution rate. Future research is suggested 
to investigate the effect of SXL on tablet disintegration and API dissolution following exposure to other 
stresses, like humidity or shear stresses. Additionally, further research is suggested to verify observations with 
other APIs. Several commercially available pharmaceutical formulations, including those containing 
amoxicillin, metformin, and ciprofloxacin, utilize SSG as a disintegrant and can be manufactured via wet 
granulation processes [39]. 

Formulations are considered to be robust when its manufacturing process can consistently deliver the desired 
quality, despite variations in APIs, excipients, equipment, and environmental conditions [1,2]. Formulators are 
therefore suggested to work with SSG grades with high SXL when performing wet granulation with atenolol, 
as their disintegration and dissolution performance is less sensitive to stress before, during or after tablet 
manufacturing. Extragranular addition of the disintegrant might circumvent the hydrolysis of susceptible SSG 
grades. Dependent on the used filler and disintegrant concentration however, extragranular use of SSG might 
not be possible, as it could result in substantial slower disintegration than intragranular use of SSG [40–43]. 
Additionally, stress exposure could also originate from other sources, like stress before or after tablet 
manufacturing. 

Conclusion
This paper presented a method to quantify the strength of cross-links (SXL) in SSG grades by comparing the 
sediment volume of precipitation after gelling before and after exposure to alkaline conditions. It is 
demonstrated that SSG grades with phosphorous cross-links are more resistant to hydrolysis than ester cross-
links. The developed method can help formulators to assess the SXL of SSG before usage in a formulation. 

The SXL was quantified for seven marketed SSG grades, showing a clear difference between SSG grades with 
phosphorous cross-links (SXL 0.9 – 1.1≈ 1) and ester cross-links (SXL 0.4 – 0.7). The tablet disintegration and 
API dissolution of these SSG grades were evaluated for a wet granulation formulation with atenolol. Results 
show that all SSG grades with phosphorous cross-links realized 80% atenolol dissolution within 25 minutes, 
whereas all grades with ester cross-links reached this threshold only after 45 minutes or more. This indicates 
that the type of cross-link is a critical attribute that can result in dissolution success or failure. An excellent 
correlation was observed between the SXL and the time at which 80% of the atenolol was dissolved.

The findings of this study show that understanding cross-link type and SXL of SSG can support formulators 
with the development of good, robust formulations, in line with a quality-by-design approach. The provided 
case study shows that formulators can make their formulations more robust to stress exposure before, during, 
or after tablet manufacturing by using an SSG grade with phosphorous cross-links, thereby limiting the risk of 
product failure.
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