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M any biotherapeutic proteins 
are naturally subject to 
aggregation. The clinical 
consequences of protein 

aggregation can be dramatic, not only 
affecting bioavailability and 
pharmacokinetics, but in extreme cases 
dramatically altering pharmacodynamics 
as well. Of equal or perhaps more 
importance is that aggregation is a 
principal source of unwanted 
immunogenicity in biotherapeutics. 
Aggregation-induced neutralizing 
antibodies and/or anaphylactic reactions 
are serious and growing US and 
European regulatory concerns. So they 
will have significant and growing 
influence on the future development 
and regulatory approval of both 
biosimilar and innovator 
biotherapeutics. 

Surfactants are routinely used to 
prevent or limit protein aggregation. 
The most commonly used surfactants 
for this purpose are Tween 80 and 
Tween 20 polysorbates. They are both 
effective in preventing aggregation, but 
polysorbates are known to 

spontaneously oxidize to chemically 
reactive peroxides, epoxy acids, and 
aldehydes that can damage proteins 
and increase unwanted immunogenicity 
through creation of neoantigens (1). 

Limitations of Polysorbates 
Polysorbate surfactants are mixtures of 
fatty-acid esters of polyoxyethylene 
sorbitan with residual amounts of 
polyoxyethylene sorbitan, 
polyoxyethylene, and isosorbide. And 
as mentioned, they spontaneously 
form protein-damaging peroxides, 
epoxy acids, and reactive aldehydes (1). 
Polysorbates also hydrolyze in aqueous 
solution, releasing free fatty acids that 
can increase turbidity. Lot-to-lot 
variability in the concentration of 
chemically reactive species such as 
peroxides has been found to exceed an 
order of magnitude (2). 

The US Food and Drug 
Administration (FDA) requires 
biosimilar developers to perform at 
least one clinical study that compares 
the immunogenicity of a proposed 
product with that of an approved 
reference product before submission 
for approval (3). The “Commercial 
Incentive” box describes additional 
concerns for such products.  

Lot variability in polysorbate 
reactive contaminants can lead directly 
to lot variability in immunogenicity 
for innovator or biosimilar products. 
That can seriously complicate 
postmarket surveillance processes of 
the former as well as bioequivalence 
comparisons required for the latter’s 
regulatory approval. Although 

polysorbates are effective in reducing 
protein aggregation, the increased 
immunogenicity that can accompany 
that is a serious limitation. Equally 
effective alternatives that do not 
increase immunogenicity are clearly 
needed.

Sources of Polysorbate-Induced 
Damage and Immunogenicity 
Progressive oxidative damage to 
aminoacyl side chains on proteins can 
be caused by contaminating peroxides 
and other reactive molecular species 
from polysorbates. That can cause 
neoantigen formation over time, which 
increases or alters immunogenicity. 
Peroxides principally affect methionine 
and tryptophan moieties (4–9). 
Aldehydes react with primary amino 
groups on proteins and are known to 
induce immunogenicity in the absence 
of aggregation or adjuvants. Epoxy 
acids can react with all exposed 
nucleophiles (Table 2). Oxidative 
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damage also leads to peptide-bond 
hydrolysis — and hence protein 
instability through alteration of a 
protein’s tertiary structure, which is yet 
another cause of aggregation (10). 

As you might expect, 
manufacturers typically screen their 
sources of polysorbates to identify 
product lots with the lowest possible 
peroxide contamination. They reject 
lots that exceed established acceptable 
levels of contamination. The problem 
with this approach, however, is 

twofold: First, peroxide formation is 
spontaneous and progressive with any 
exposure to oxygen. Second, peroxides 
are not the only contaminants of 
concern. Polysorbates also contain 
epoxy acids and chemically reactive 
aldehydes, unreacted starting 
materials, and free fatty acids released 
through hydrolysis (causing increased 
turbidity). Therefore, product quality 
can be adversely affected as 
polysorbates undergo spontaneous 
changes in composition over time. 

Alkylglucosides As  
Alternatives to Polysorbates 
Alkylglucosides have been 
demonstrated to be effective 
alternatives to polysorbates in 
protecting proteins from aggregation. 
Certain alkylglucosides are highly 
effective in stabilizing peptide and 
protein biotherapeutics without causing 
the oxidative damage and unwanted 
immunogenicity associated with 
polysorbates (11–15). Alkylglucosides 
consist of a hydrophobic alkyl chain 
derived from a long-chain alcohol and 
a hydrophilic saccharide structure 
derived from glucose, linked together 
through a glycosidic bond (Figure 1). 
Unlike polysorbates, alkylglucosides do 
not oxidize to chemically reactive 
species such as peroxides. 

Figure 2 compares formation of 
hydrogen peroxide in polysorbate 20 
with the essentially complete lack of 
peroxide formation for three different 
alkyl glucosides. After storage of a 1% 
solution at 40 °C for one month, the 
hydrogen peroxide concentration 
approaches 10 mM in the polysorbate 
solution. 

Alkylglucosides exhibiting 
surfactant properties typically have 
alkyl chains ranging from six to 18 
carbon atoms, similar to most 
surfactants from other chemical 
categories. Alkyl monoglucosides 
contain a single glucose moiety; alkyl 
diglucosides contain a disaccharide 
comprising two glucose moieties 
linked through an interglycosidic bond 
(e.g., the disaccharide maltose). Some 
examples of potentially useful alkyl 
monoglucosides include hexyl-, octyl-, 
and decylglucoside. Examples of 

Table 1:  Some major recombinant products and classes with biosimilars and biobetters currently in 
development; sales figures are given for original products where available.

Product or Class
Sales 

(US billions) Biosimilars Biobetters
Humira (adalimumab) $9.27 13 7
Remicade (infliximab) $8.90 9 9
Enbrel (etanercept) $7.87 21 8
Rituxan (rituximab) $7.29 30 17
Herceptin (transuzumab) $6.40 24 12
Lantus (insuline glargine) $6.40 5 2
Avastin (bivacizumab) $6.26 14 9
Neulasta (pegfilgrastim) $4.10 14 9
Lucentis (ranibizumab) $3.72 2 2
Aranesp (darbepoetin alfa) $3.00 4 2
Epogen/Procrit (epoetin alfa) $3.73 69 26
Novoseven (coagulation factor VIIα) $1.50 8 12
Neupogen (filgrastim) $1.44 52 17
Insulin and analogs 40 53
Tumor necrosis factors (MAbs, inhibitors) 44 19
Interferons (α) 55 48
Interferons (β) 23 23
Somatropins 28 17
Factors VIII 4 21
MAbs and antibody fragments 145 91
Cancer-targeted non-MAb proteins 264 159
Cancer-targeted MAbs 77 59

Source: Rader RA. An Analysis of the US Biosimilars Development Pipeline and Likely Market Evolution. 
BioProcess Int. 11(6) 2013: S16–S23.

A major economic challenge facing all 
biosimilars is the enormous number of 
essentially equivalent products being 
developed for each innovator product. 
Table 1 indicates that there are more 
than 900 biosimilars and more than 600 
biobetters currently in development. 
Concerns about the high development 
cost of biosimilars and the difficulty of 
demonstrating bioequivalence for these 
complex molecules have led many 
industry experts to conclude that the 
cost of biosimilars may be only 20% less 
than the corresponding innovator 
product. This raises the concern that it 
may be difficult for physicians to justify 

switching a patient away from a well 
characterized innovator product to a 
newly introduced biosimilar without 
some clear and substantial clinical 
benefit to the patient.

Polysorbates can be replaced with 
surfactants that cause no progressive 
protein degradation or increased 
immunogenicity, neither during 
manufacturing nor storage before 
administration. This would meet a critical 
need while providing a substantial 
differentiating clinical benefit. And it 
could confer a decisive marketing 
advantage as a result. 

Biosimilars: A Commercial Incentive to Replace Polysorbates Figure 1:  Structure of n-tetradecyl-beta-d- 
maltoside , the alkyl glucoside comprised of 
maltose and tetradecanol joined by a 
glycosidic bond
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potentially useful alkyl diglucosides 
include octyl-, decyl-, dodecyl-, or 
tetradecyl maltoside. 

Generally speaking, alkyl 
monoglucosides with chain lengths 
longer than 10 carbons have 
substantially reduced aqueous solubility. 
With a much larger hydrophilic 
structural component, alkyl diglucosides 
exhibit reasonable solubility for alkyl 
chain lengths up to about 14 carbon 
atoms. Beyond that, they have 
substantially reduced aqueous solubility. 
Nevertheless, even as aqueous solubility 
decreases with increasing alkyl chain 
length, solubility in more hydrophobic 
liquids increases. That makes larger 
alkyl diglucosides useful in 
pharmaceutically acceptable oil-based 
formulations such as those for oral 
softgels. Thus they have other drug 
applications apart from stabilization of 
biotherapeutics, most notably providing 
for greatly increased transmucosal 
absorption of drugs up to ~22 kDa in 
molecular weight (16–17). 

Alkyl glucosides are designated 
“generally recognized as safe” (GRAS) 
substances for food purposes (18). Their 
simple structure allows for rapid 
metabolism into glucose and the 
corresponding long-chain alcohol 
(which is subsequently converted to the 
corresponding fatty acid) — both of 
which are normal components of food. 

As a result, the benign safety and 
toxicological properties of 
alkylsaccharides make them excellent 
potential candidates to consider for 
inclusion in biotherapeutic formulations.

Pharmaceutical-grade alkylglucosides 
are synthesized as single chemical 
species under good manufacturing 
practice (GMP) conditions. But to keep 
the manufacturing costs to a minimum, 
food-grade alkyl glucosides (used as 
emulsifiers and texturizers in many food 
products) are synthesized as mixtures of 
varying chain lengths from inexpensive 
sources of mixed alkyl chains such as 
coconut and palm oil. Tens of thousands 
of tons are manufactured annually to 
varying degrees of glucose moiety 
oligomerization. Coconut oil, for 
example, has alkyl-chain lengths 
ranging about 6–18 carbons, with the 
dominant species being carbon-12 and 
carbon-14 chain lengths. The average 
degree of glucose oligomerization in 
alkyl polyglucosides used for food 
purposes ranges ~1.2–1.4 glucose 
molecules. So they are mostly glucose 
with some di- and triglucose moieties 
such as maltose or maltotriose. 

A Comparative Assessment

Aggregation of antibodies and other 
proteins is caused mainly by 
hydrophobic interactions that eventually 
lead to denaturation. When hydrophobic 
regions of a partially or fully unfolded 
protein are exposed to a hydrophilic 
aqueous environment, a decrease in 
entropy from structuring water 
molecules around the hydrophobic 
region forces the denatured protein to 
aggregate. That compromises its 
solubility, which can lead to 
precipitation and loss of activity.

Factors that contribute to aggregation 
in solution include protein 
concentration, temperature, pH, 
mechanical stress, freeze–thawing, 
oxidation, and light exposure. Forced 
degradation studies play a central role in 
therapeutic protein development. 

Protein concentration in a final drug 
product is dictated largely by its required 
therapeutic dose. Generally speaking, it 
is desirable to keep protein 
concentrations high and thus keep 
administration volumes as low as 
reasonably possible. That reduces 
infusion times and costs of 
administration while increasing patient 
convenience (19). 

Proteins undergo varying degrees of 
degradation during purification and 
storage. Protein aggregation, physical 
stability, and immunogenicity are 
evaluated using a number of procedures 
(20). In the case of protein aggregation, 
typically a physical stress is introduced 
such as shaking or rotation at elevated 
temperatures. Damage from aggregation 
and unwanted immunogenicity can be 
assessed in different ways. One typical 
method is to measure turbidity under 
both static and continuous-agitation 
conditions. As proteins undergo 
substantial aggregation, their solutions 
become more turbid. That can be 
quantitated with absorbance 
spectroscopy or light-scattering 
measurements. Lower levels of 
aggregation (e.g., dimers and trimers) 
often go undetected by simple 
turbidimetric methods. However, they 
may be easily detected using analytical 
size-exclusion chromatography (SEC). 
Samples are typically withdrawn at 
regular intervals and SEC analyzed for 
monomer percentage. 

Immunogenicity assessment for 
biotherapeutics is considerably more 
complicated and multidimensional. In 
recent years, a number of articles have 
been published about the underlying 
philosophical approach to making 
meaningful determinations (21–26). 
Wadhwa and Thorpe provide an 
excellent summary, detailed description, 
and analysis of the pros and cons of 
well-accepted screening assays for 
antibody detection (26). Useful methods 
include direct enzyme-linked 
immunosorbent assays (ELISAs), 
bridging ELISAs, 
electrochemiluminescence assays, 
radioimmunoprecipitation assays, and 
surface-plasmon resonance analysis. A 
growing number of reports concern 
additional methods of detecting and 
assessing antibody response based on 

Figure 2:  Hydrogen peroxide formation in 
solution from polysorbate 20 over a month at 
40 °C compared with three alkyl glucosides; 
hydrogen peroxide was determined using the 
Amplex Red H2O2 assay (11).
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Table 2:  Spontaneously formed chemically reactive oxidation products found in Polysorbate 80

Reactive Contaminant Damage Site References
Peroxides/alkylperoxides Methionine, histidine, tryptophan 4, 5
Aldehydes Primary amines 6–8
Epoxy acids Accessible nucleophiles such as those found in 

lysine, histidine, cysteine, and tyrosine
9
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gene expression (27–31). At present, no 
single methodology stands out as a “gold 
standard” for immunogenicity 
assessment, so a combination of 
techniques should be incorporated in a 
multitiered detection approach. 

It is useful to examine some examples 
off the effects of polysorbates and alkyl 
glucosides. Figure 3 illustrates the 
results of a comparative study on 
stabilization of an anti-CD11α 
monoclonal antibody (MAb) using 
0.02% polysorbate 20 (PS20) and 0.1% 
octyl glucoside (OGP) compared with a 
no-surfactant control in both static and 
constant-agitation conditions (shaking at 
300 rpm for 72 hours) at 37 °C. 
Turbidimetric results (top) and 
assessment of the degree of remaining 
monomer (bottom) indicate that 
octylglucoside effectively maintains the 
monomer percentage of the antibody 
with shaking compared with an 
unshaken sample stored under similar 
conditions. PS20 appears to be 
significantly less effective (11).

Oxidative Damage: Oxidation 
(including that induced by light) is a 
major degradation pathway affecting 
protein stability and potency through 
modification of aminoacyl residues, 
hydrolysis of peptide bonds, and 
alteration of a protein’s tertiary structure 
(10, 32–35). Numerous protein oxidation 
reactions have been reported. In alkaline 
or neutral media, the aminoacyl residues 
of cysteine, histidine, methionine, 

tryptophan, and tyrosine are especially 
prone to oxidation. Methionine is 
sensitive to oxidation in acidic 
conditions, and some aminoacyl residues 
(e.g., tryptophanyl residues) undergo 
oxidation as a result of exposure to light. 
Table 2 summarizes the specific 
aminoacyl residues affected by 
oxidation. Determining the extent of 
chemical modification from oxidative 
processes is somewhat complicated, 
requiring measurement of final 
oxidation products formed at individual 
aminoacyl residues within a protein 
sequence.

Figure 4 shows (top) the effects of 
different alkylglycosides and 
polysorbate 20 in preventing 
methionine oxidation in an anti-
CD11α MAb in aqueous solution and 
(bottom) the effect of different 
alkylglycosides or polysorbate 20 on 
oxidation prevention for an anti-CD22 
MAb in aqueous solution (11). No 
significant increase in the percentage 
of oxidized Met256 (Figure 4, top) 
was observed in solutions containing 
decylglucoside or octylglucoside 
following storage at 40 °C over four 
weeks compared with a baseline level 
of ~2% oxidation of the same amino 
acid residue at time zero. By contrast, 
~16% of the Met256 residues were 
oxidized in the PS20-containing anti-
CDllα solutions. Thus, alkyl 

glycosides exhibit a significant 
advantage over polysorbates as protein-
stabilizing agents in aqueous 
formulations.

The bottom panel of Figure 4 
shows the effect of various 
alkylglycosides or PS20 on preventing 
oxidation of an anti-CD22 antibody in 
aqueous solution. Oxidation of 
methionine and tryptophan in an anti-
CD22 MAb was studied using iron-
catalyzed hydrogen peroxide (Fenton 
reagent). Solutions containing 0.1 ppm 
Fe and 1 ppm hydrogen peroxide were 
stored for two or four weeks at 40 °C, 
either in the absence of surfactant or 
in the presence of PS20 or octyl 
glucoside. The percent oxidation of 
methionine and tryptophan residues 
was determined from the early peak 
area percentage of the antibody eluting 
through a phenyl reverse-phase high-
performance liquid chromatography 
(RP-HPLC) column. Note that 
Fenton-reagent–induced oxidation of 
both residues in the anti-CD22 MAb 
is inhibited in solutions containing 
octyl glucoside but not in the 
no-surfactant control solution or in 
those containing PS20. 

Prevention of Light-Induced 
Oxidation: Alkylglucosides prevent 
light-induced oxidation of tryptophan 
residues in biotherapeutics in aqueous 
solution. Esue and Sharma analyzed 
the effect of different surfactants on 
light-induced oxidation of tryptophan 
residues in a humanized anti-oxidized 
low-density lipoprotein (LDL) MAb 
after 24-hour exposure in a light box 
(11). The surfactants included four 
alkylglucosides (hexyl glucoside, hexyl 
maltoside, dodecyl glucoside, and 
dodecyl maltoside) and polysorbate 80. 
The extent of oxidation was measured 
using HPLC with mass spectrometry 
following reduction, alkylation, and 
trypsin digestion of the MAb samples. 
In general, the alkylglycosides 
appeared to convey a significant 
degree of protection against light-
induced oxidation. Similar results for 
hexyl glucoside and hexyl maltoside 
also have been reported by other 
authors (36). Dodecyl maltoside 
appears to be the most effective 
nonionic surfactant in preventing 
light-induced oxidation of tryptophan, 

Figure 3:  Comparative study regarding 
stabilization of an anti-CD11α monoclonal 
antibody by polysorbate 20 (PS 20) and octyl 
glucoside (OGP)
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Figure 4:  (top) Methionine oxidation in an 
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intrinsic polysorbate contaminants; (bottom) 
effect of different alkylglycosides or 
polysorbate 20 in preventing oxidation of an 
anti-CD22 monoclonal antibody in aqueous 
solution (11)
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whereas polysorbate 80 was least 
effective at similar concentrations 
(0.19 mg/mL and 0.2 mg/mL).

A Promising Alternative

Many biotherapeutic proteins are 
naturally subject to aggregation, 
resulting in reduced efficacy and 
development of unwanted 
immunogenicity. Aggregation-induced 
neutralizing antibodies and 
anaphylactic reactions are serious and 
growing concerns of both the FDA 
and the European Medicines Agency 
(EMA). This will have significant and 
growing impact on development and 
regulatory approval of both biosimilar 
and innovator biotherapeutics. 
Surfactants are used routinely to 
prevent or limit aggregation and make 
higher-concentration biotherapeutics 
feasible. The most commonly used 
surfactants for that purpose are Tween 
80 and Tween 20 polysorbates. 

Although they are highly effective 
in preventing protein aggregation, 
polysorbates do spontaneously oxidize 
to chemically reactive peroxides, epoxy 
acids, and aldehydes — all of which 
can damage proteins and increase 
unwanted immunogenicity through 
creation of neoantigens. 
Alkylglucosides are in development at 
both major pharmaceutical and small 
biotech companies as potential 
replacements. Alkylglucosides are as 
effective as (and in some cases more 
effective than) polysorbates in 
preventing protein aggregation without 
their oxidative damage problems. 
Polysorbates are mixtures of several 
chemical species with different 
molecular weights and some 
contaminating unreacted chemical 
reactants and damaging oxidative 
species. All of those vary among lots. 
By contrast, alkylglucosides are single 
molecular chemical species with no lot 
variability in composition that are easy 
to characterize for quality control 
(QC), quality assurance (QA), and 
overall manufacturing. Thus far, 
alkylglucosides appear to address the 
shortcomings of polysorbates without 
exception. Although biotherapeutics 
incorporating alkylglucosides are in 
development, none have yet been 
approved by the FDA or EMA. 

Biotherapeutics incorporating 
alkylglucosides rather than 
polysorbates are likely to achieve 
substantial commercial benefits. 
Because immunogenicity can reduce 
or eliminate a protein drug’s efficacy 
upon subsequent administration — 
and may even neutralize a patient’s 
corresponding residual biological 
activity — it would be difficult if not 
unethical to justify using a product 
demonstrated to be immunogenic over 
one with less or no immunogenicity. 
Incorporating alkylglucosides in place 
of polysorbates for innovator or 
biosimilar biotherapeutics currently in 
development could provide clinically 
superior products, resulting in a strong 
and differentiable market franchise.
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