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Triton X-100 (TX-100) is the most common surfactant used to split viruses during the production of influ-
enza split-virus vaccines. It is a mild surfactant not known to denature the viral proteins; this property
makes TX-100 useful for maintaining antigen conformational structure, and, as an added benefit, for par-
tially stabilizing vaccine formulations against protein aggregation. Despite its benefits, TX-100 needs to
be filtered out after virus splitting has been achieved, due to its toxicity in large quantities. Accordingly,
residual TX-100 presence in vaccine formulations has implications for both formulation stability and
safety, necessitating both accurate screening during processing to guide decision-making about filtration
repeats and accurate quantitation in the final product. Accurate HPLC-based methods are used success-
fully for the latter but their use for routine screening during processing is far from ideal because they
often require extensive sample preparation and are fairly slow, complicated and costly. Here, ‘‘decon-
struction” of UV–Vis absorption spectra into components corresponding to different absorbing ‘‘species”
is demonstrated as a novel and viable method for routine TX-100 screening in vaccine samples from dif-
ferent industrial processing steps. This method is fairly accurate and, more importantly, preparation-free,
rapid, simple/user-friendly and comparatively inexpensive. It is evaluated in depth in terms of applicabil-
ity conditions, limitations and potential for high-throughput adaptation as well as generalization to other
complex biopharmaceutical formulations.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Influenza’s high mutation rate [1] makes it a recurring threat;
annually, influenza epidemics cause an estimated 3–5 million sev-
ere illness cases and 250–500 thousand casualties worldwide [2].
Vaccination remains as the most effective measure against infec-
tion, generally being required annually for individuals who may
experience severe complications if infected [2]. Addressing effi-
ciently this annual need for vaccines and the potential sudden need
should there be a pandemic, requires the rapid release of quality
vaccines into the market, which in turn requires streamlined man-
ufacturing and quality control processes [3–5].

Most of the influenza vaccines in the market are produced using
chicken eggs [5–7] and contain remnant antigens from ‘‘split”
viruses [3–5,8–10]. Such split-virus vaccines are sufficiently
immunogenic and tend to be considerably less reactogenic than
whole virus vaccines [3,8,10,11]. Splitting, which is typically pre-
ceded by inactivation treatments, is achieved using a surfactant
[1,3–6,8–10,12,13]; perhaps the most common surfactant used
for this purpose is Triton X-100 (TX-100) [3,10,12].

TX-100 is not known to denature the viral proteins [3]; this
makes it useful for maintaining their conformational stability in
the relatively destabilizing environment they may find themselves
in following virus splitting. Maintaining the antigens’ 3-D confor-
mational structure is important not only for proper priming of
the immune system against the pathogen [3] but also for curbing
unwanted protein aggregation phenomena. Accordingly, TX-100,
like some other surfactants, can aid to partially stabilize protein-
abundant formulations like vaccines against protein aggregation
[1,6,8–10,14–16]. This is especially important considering large
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protein aggregates can be a serious concern for formulation
stability (because their extensive formation may lead to protein
precipitation) [3,7,8,14,16–21] and possibly safety [7,13,14,16,17,
19,21–25]. Since protein aggregation can occur at almost every
stage of processing, TX-1000s aggregation-curbing ability makes it
beneficial for formulation stability and safety, although this ability
is not the primary reason for its use in vaccine manufacturing.

TX-1000s positive stabilizing property is countered by its toxic-
ity in large quantities [26,27]. As a result, after splitting has been
achieved, its concentration must be reduced to residual levels
below limits specified and regulated by health administration
authorities, so that it does not pose a health risk [10]. Ultimately,
TX-100 content in the final product needs to be optimized to
ensure the formulation is both safe and relatively stable against
aggregation. While the former can be achieved by keeping the
TX-100 concentration significantly below toxicity levels (all manu-
facturers keep it below 500 mg/mL, which is significantly lower
than even levels with insignificant toxic effects in mice [26,27]),
the latter can be achieved by keeping a high surfactant to protein
ratio in the formulation [4,8,10,16]. Thus, it is necessary not only
to accurately quantitate TX-100 in the final formulation but also
to accurately and routinely screen TX-100 concentration during
processing so that decisions can be made regarding the number
of filtration runs [10].

TX-100 quantitation in vaccines is usually achieved using HPLC-
based methods [10,16,28]. Though they are accurate, these meth-
ods often require extensive sample preparation and are quite slow,
complicated and costly, making them far from ideal for efficient
routine screening during processing. Therefore, there is a need
for novel, accurate screening methods that are relatively free from
ideally all of the limitations mentioned above. Such methods can
facilitate more efficient quality control throughout processing
and thus accelerated vaccine release. A UV–Vis absorption-based
quantitation method that is fairly free from most of the above lim-
itations has been reported [10]. The method calls for the isolation
of TX-100 from the formulation before analysis, due to the heavy
overlap between TX-1000s spectrum and the spectra of other
‘‘species” found in vaccine formulations (certain amino acids in
proteins [8,29], genetic material from viruses, etc.). However, since
absorbance is additive [30–32], TX-100’s concentration can actu-
ally be calculated fairly accurately from the mixture’s spectrum,
eliminating extra sample preparation steps like isolation for the
purposes of highly rapid screening.

Using the additivity of absorbance, the absorption spectrum of a
complex system can be ‘‘deconstructed” into components corre-
sponding to the constituent absorbing species, provided relevant
controls are done to identify the individual spectral behavior of
each species and possible spectrum-altering factors are negligible
or addressable [30–32]. Here, the application of this method to
influenza split-virus vaccine samples from two different industrial
processing steps is shown to demonstrate the fairly accurate and,
more importantly, preparation-free, rapid, simple/user-friendly
and comparatively inexpensive screening of TX-100 content in vac-
cine formulations. The screening accuracy was verified through
comparison of the calculated concentrations to concentrations
measured with an FDA-approved RP-HPLC method.
2. Materials and methods

2.1. Materials

All 24 influenza pre-vaccine samples were provided by Sanofi-
Pasteur (Pennsylvania, USA). The samples were from 12 different
processing batches. In each batch, two samples corresponding to
two different industrial processing steps were extracted; the
processing steps are named processing step 1 (PS1) and 2 (PS2)
here, respectively. Each batch was produced using one of the
following strains: A/California/7/2009 (H1N1) [batches 7 and 12],
A/South Australia/55/2014 (H3N2) [batches 1, 2 and 8],
A/Switzerland/9715293/2013 (H3N2) [batches 9 and 10],
B/Brisbane/60/2008 (H3N2) [batches 5, 6 and 11] and
B/Phuket/3073/2013 (H3N2) [batches 3 and 4]. All the samples
were kept at 2–8 �C during storage and shipment.

PBS tablets, TX-100 (laboratory grade) and N-acetyl-L-
tryptophanamide (NATA) were purchased from Sigma-Aldrich
(New South Wales, AUS) and used as received. A PBS solution in
deionized water (0.01 M, pH 7.4) was prepared and used for all
TX-100 and NATA control sample preparations as well as vaccine
sample dilutions. Mixing was performed by gentle pipetting to
avoid possible, undesirable protein aggregation phenomena
[16,18,19]. For all spectroscopy experiments, a Hellma quartz
microcuvette (New York, USA) with a path length of 0.3 cm was
used. Data was analyzed with Igor Pro 6 (Oregon, USA) and Micro-
soft Excel 2010 (New South Wales, AUS).

2.2. HPLC

An FDA-approved RP-HPLC protocol was followed for TX-100
quantitation in all the pre-vaccine samples. This protocol has pre-
viously been described [16].

2.3. UV–Vis absorption spectroscopy

UV–Vis absorption by the samples was measured from 200 to
400 nm using 0.5 nm slits on a Shimadzu 2600 UV–Vis spectropho-
tometer (New South Wales, AUS). Measurements were conducted
at room temperature immediately after samples were removed
from storage. Each scan was performed at least twice and the spec-
tra averaged. 3 separate aliquots were tested for each sample
(n = 3). Necessary corrections were performed for all spectra. The
method used to correct some spectra for light scattering before
screening analysis has previously been described [16,32].

For screening analysis, absorbance values at given wavelengths
were deconstructed into components corresponding to different
absorbing species using the following overall equation (Eq. (1)):

AXðTotalÞ ¼ AXðSpecies 1Þ þ AXðSpecies 2Þ þ . . .

¼ eXðSpecies 1Þ � Species 1½ � � L� �þ eXðSpecies 2Þ � Species 2½ � � L� �þ . . .

ð1Þ

where A is absorbance, X is a given wavelength, Ɛ is extinction coef-
ficient and L is the path length.
3. Results and discussion

The additivity of absorbance was verified through control
experiments performed using mixtures of TX-100 and NATA in
PBS solution. The representative spectra in Fig. 1A show this addi-
tivity, since the spectrum obtained through direct addition (blue
diamonds) of a TX-100 spectrum (500 mg/mL) (grey crosses) and
an NATA spectrum (250 mg/mL) (red squares) overlaps extremely
well with the spectrum for a 1:1 mixture (black circles) of TX-
100 (1000 mg/mL) and NATA (500 mg/mL) (final concentrations
are thus 500 and 250 mg/mL, respectively). The negligible deviation
from perfect overlap is expected given the unavoidable, slight vari-
ations in measurement associated with such instruments. Admit-
tedly, many biopharmaceutical formulations are much more
complex in composition than these control mixtures, leading to
more complex spectra that are often affected by factors like
hypo/hyperchromicity and light scattering. Despite this, the
principle still applies so long as the constituent absorbing species



Fig. 1. (A) Representative absorption spectra showing absorbance additivity, since direct addition of the individual TX-100 (grey crosses) and NATA (red squares) spectra
results in the blue spectrum (diamonds) that overlaps almost perfectly with the spectrum of a corresponding mixture (black circles). (B) Representative absorption spectra for
a TX-100 sample in PBS solution (grey crosses), a typical vaccine sample from PS1 (red squares) and a typical vaccine sample from PS2 (blue circles). PS1 samples were all
diluted 4-fold. Significant light scattering above 320 nm can be seen for the PS1 sample but not for the PS2 sample; the same was true for all the other PS1 and PS2 samples
(not shown). The black triangles indicate the wavelengths (275, 280, 285 and 290 nm) at which absorbance values were taken for screening analysis. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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can be identified and such factors are negligible or can be
addressed.

Fig. 1B shows representative spectra for a TX-100 sample in PBS
solution (grey crosses), a typical vaccine sample from PS1 (red
squares) and a typical vaccine sample from PS2 (blue circles).
PS1 is higher up in the processing stream and as such, samples
from this step were too concentrated for direct measurement,
prompting 4-fold dilution of all of themwith PBS solution. Samples
from PS2 were measured as they were. As evident in Fig. 1B, signif-
icant light scattering above 320 nm was seen for PS1 samples but
not for PS2 samples. As a result, PS1 sample spectra were corrected
for the blank and scattering prior to screening analysis (please refer
to [16] for a corrected spectrum example), while PS2 sample spec-
tra were only corrected for the blank.

Initial screening analysis assumed significant contribution to the
spectra only by TX-100 molecules and tryptophan residues in pro-
teins. This assumption proved to be too simplistic, as most of the
TX-100 concentrations calculated using it did not quite match the
concentrations measured using the RP-HPLC method (results not
shown). Specifically,mostTX-100concentrationswere considerably
overestimated, clearly due to absorbance contributions by non-
modelled species being attributed to TX-100molecules (and trypto-
phan residues). As a result, twomore specieswere incorporated into
analysis - tyrosine residues in proteins and nucleotides in virus RNA
- necessitating absorbance values at four different wavelengths for
specific solutions to the constructed simultaneous equations.

The formulations have several more absorbing species so the
four wavelengths had to be in a region where these non-
modelled species would have negligible to no absorbance. The
wavelengths 275, 280, 285 and 290 nm (marked in Fig. 1B) were
thus chosen, as species like disulfide bonds and phenylalanine resi-
dues show negligible while species like peptide bonds show no
absorbance above 270 nm. However, negligible absorbance contri-
butions are still finite and thus their incorporation into modelling,
which would require an additional equation per species, will lead
to more rigorous solutions. In fact, these negligible but finite con-
tributions are amongst the reasons why some samples’ spectra
were not represented perfectly by the four-species system of equa-
tions; i.e. there was very slight deviation in some fits.

AXðTotalÞ ¼ AXðTX�100Þ þ AXðTrpÞ þ AXðTyrÞ þ AXðNtÞ ð2Þ

)A275=L ¼ e275ðTX�100Þ � TX� 100½ �� �þ e275ðTrpÞ � Trp½ �� �

þ e275ðTyrÞ � Tyr½ �� �þ e275ðNtÞ � Nt½ �� � ð3Þ
)A280=L ¼ e280ðTX�100Þ � TX� 100½ �� �þ e280ðTrpÞ � Trp½ �� �

þ e280ðTyrÞ � Tyr½ �� �þ e280ðNtÞ � Nt½ �� � ð4Þ

)A285=L ¼ e285ðTX�100Þ � TX� 100½ �� �þ e285ðTrpÞ � Trp½ �� �

þ e285ðTyrÞ � Tyr½ �� �þ e285ðNtÞ � Nt½ �� � ð5Þ

)A290=L ¼ e290ðTX�100Þ � TX� 100½ �� �þ e290ðTrpÞ � Trp½ �� �

þ e290ðTyrÞ � Tyr½ �� �þ e290ðNtÞ � Nt½ �� � ð6Þ
Eq. (2) is the overall equation for deconstruction of the absor-

bance at a given wavelength into four components corresponding
to the four absorbing species modelled. Dividing throughout by
the path length and using the wavelengths 275, 280, 285 and
290 nm produces Eqs. (3)–(6). The extinction coefficients at the
chosen wavelengths can be derived from control experiments per-
formed using a given absorbing species in isolation in the formula-
tion medium; Fig. 2 shows an example of this for TX-100 in PBS
solution.

Fig. 2A shows representative spectra for a TX-100 dilution series
in PBS solution from 2000 to 100 mg/mL in 100 mg/mL increments.
Three separate aliquots were measured for each concentration and
absorbance values at the chosen wavelengths were taken each
time. Plotting these values like in Fig. 2B allowed accurate calcula-
tion of the molar extinction coefficient at each wavelength for TX-
100 in PBS solution. Similar control experiments can be done for
the other absorbing species using representative analogues, such
as NATA for tryptophan residues. For the purposes of this study,
the extinction coefficients for TX-100 and tryptophan residues
were calculated from such control experiments but those for tyro-
sine residues and nucleotides (the two species incorporated later)
were taken or deduced from the literature (discussed below). Once
the extinction coefficients were calculated, the only unknowns in
Eqs. (3)–(6) were the concentrations of the four absorbing species,
allowing specific solutions.

The molar extinction coefficients for TX-100 were calculated to
be (Fig. 2B): 275 nm–1501; 280 nm–1397; 285 nm–1283;
290 nm–234. For tryptophan residues, an NATA dilution series in
PBS solution was used to calculate the molar extinction coefficients
as: 275 nm–5384; 280 nm–5554; 285 nm–4800; 290 nm–4283.
Based on their extensive statistical analysis, Mach and co-
workers determined an average value of 5540 as the molar extinc-
tion coefficient at 280 nm for tryptophan in native proteins [33];
since this value is in excellent agreement with the one determined



Fig. 2. (A) Representative absorption spectra for TX-100 samples in PBS solution. The samples had TX-100 concentrations ranging from 100 to 2000 mg/mL in 100 mg/mL
increments. The path length was 0.3 cm. (B) Linear plots used to calculate the extinction coefficient for TX-100 in PBS solution at 275, 280, 285 and 290 nm. The data points
were derived from spectra like those in A. At each wavelength, for each x value, there are three absorbance values derived respectively from the spectra for three separate
aliquots tested for each concentration (n = 3). The lines show linear fits to the data points for each wavelength, with the y-intercept set to 0 in each case. Following the Beer-
Lambert Law, the gradient for each line corresponds to the extinction coefficient (in M�1 cm�1) at that wavelength; these values were used for subsequent screening analysis.

Table 1
Comparison of the TX-100 concentrations calculated through four-species fitting to
absorption spectra with those obtained using the FDA-approved RP-HPLC method.
Four-species fitting was able to capture, in most cases and for the most part, the
complexity of the samples’ spectra.

Sample RP-HPLC UV–Vis Absorption � 4 Species Fit

Average [TX-100]
(mg/mL)

Average [TX-100] ± SD
(mg/mL)

% Error

PS1-1 1411 1257 ± 58 �11
PS1-2 1187 968 ± 14 �18
PS1-3 1324 1119 ± 9 �15
PS1-4 1287 1131 ± 19 �12
PS1-5 1510 1416 ± 111 �6
PS1-6 1403 1244 ± 67 �11
PS1-7 1497 1299 ± 11 �13
PS1-8 1374 1346 ± 46 �2
PS1-9 1538 1364 ± 70 �11
PS1-10 1351 1213 ± 41 �10
PS1-11 1734 1806 ± 77 4
PS1-12 1492 1344 ± 37 �10

PS2-1 587 629 ± 16 7
PS2-2 568 601 ± 23 6
PS2-3 737 773 ± 20 5
PS2-4 675 722 ± 12 7
PS2-5 562 592 ± 3 5
PS2-6 466 472 ± 4 1
PS2-7 1031 1123 ± 15 9
PS2-8 572 592 ± 5 4
PS2-9 1165 1179 ± 6 1
PS2-10 1097 1153 ± 5 5
PS2-11 1221 1299 ± 18 6
PS2-12 951 978 ± 8 3
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here, the extinction coefficients obtained from the NATA dilution
series were deemed reflective of the absorption of tryptophan resi-
dues in the formulations studied.

Tyrosine residues and nucleotides were not included in initial
analysis due to the assumption that they did not contribute signif-
icantly to the spectra because of minute concentrations. Accord-
ingly, their incorporation afterwards was based on coarse
determination of their extinction coefficients as this was deemed
sufficient for demonstrating the expected improvement in TX-
100 screening. For tyrosine residues, an average molar extinction
coefficient of 1480 at 280 nm was given by Mach and co-workers
[33]. Based on a tyrosine analogue, tyrosine absorbance at 275,
285 and 290 nm is roughly 0.83, 0.90 and 0.62, respectively, if
absorbance at 280 nm is 1 [34]. Using these ratios in tandem with
the abovementioned value at 280 nm, the following coarse molar
extinction coefficients were obtained: 275 nm–1224; 280 nm–
1480; 285 nm–1338; 290 nm–911. For a nucleotide in a long,
essentially randomized nucleotide sequence, the commonly used
average extinction coefficient at 260 nm is 8000 M�1 cm�1 [31].
If absorbance at 260 nm is 1, coarse absorbance for pure, single-
stranded RNA at 275, 280, 285 and 290 nm is 0.70, 0.48, 0.32 and
0.22, respectively [35]. Using these values together, the following
coarse molar extinction coefficients were obtained for nucleotides
in influenza RNA: 275 nm–5600; 280 nm–3840; 285 nm–2560;
290 nm–1760.

Using the derived extinction coefficients in Eqs. (3)–(6) pro-
duced the results in Table 1 for TX-100 concentration in PS1 and
PS2 samples. The second and third columns show the average
TX-100 concentrations as measured by RP-HPLC and as calculated
through four-species fitting to absorption spectra, respectively. The
accuracy of the screening is evident, with less than 15% error (and
underestimation) for most of the PS1 samples and less than 10%
error (and overestimation) for all the PS2 samples. As mentioned
earlier, PS1 is higher up in the processing stream, making samples
from this step more complex in composition than PS2 samples;
this added complexity was evident from not only the significant
light scattering seen in the spectra of PS1 samples (Fig. 1B) but also
the often larger percent errors in TX-100 screening for these sam-
ples (Table 1).

The fairly systematic underestimation for PS1 samples and sys-
tematic overestimation for PS2 samples are largely associated with
light scattering contributions to the spectra. With respect to the
PS1 samples’ spectra, which were corrected for scattering, it seems
that the correction approach used is slightly overestimating light
scattering contributions, resulting in the elimination of some
absorbance reading due to genuine absorption events and thus
leading to the slight underestimation of TX-100 content in almost
all the samples tested. With respect to the spectra of the PS2 sam-
ples, even though they did not show significant scattering above
320 nm and were not corrected as a result, it would be wrong to
claim that scattering did not at all contribute to their measure-
ment. Accordingly, the slight overestimation of TX-100 content in
all the PS2 samples studied is largely the result of such small but
nonetheless finite scattering contributions passing off as absor-
bance due to genuine absorption events. The systematic error in
both these cases can thus be addressed by improving scattering
correction.
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Importantly, the lowest concentration of TX-100 tested and
quantitated here was 100 mg/mL (Fig. 2A) but UV–Vis absorption
spectroscopy has been shown to be able to quantitate and detect
TX-100 down to 3 and 1 mg/mL, respectively [10]. Therefore, given
that the lowest reported concentration of TX-100 in a commercial
influenza split-virus vaccine formulation is around 170 mg/mL [10]
and that the method herein is actually intended for screening sam-
ples higher up in the processing stream (i.e. with higher TX-100
content than the final formulations), there should be no issue with
respect to the method’s ability to screen samples with lower TX-
100 content than the 24 samples tested here (Table 1). Overall,
the values obtained by fitting four absorbing species to the spectra
and the minor percent errors associated with them clearly demon-
strate the viability of this preparation-free, rapid, user-friendly and
comparatively inexpensive method for fairly accurate screening of
TX-100 content in influenza vaccine samples from different indus-
trial processing steps.

For complex formulations like the influenza vaccine samples
used in this study, modelling of UV–Vis absorption spectra with
four absorbing species, although managing to produce quite good
results in this wavelength range, is admittedly not exhaustive. As
such, incorporating other contributing species intomodelling, how-
ever small their contribution to the spectra may be, will improve
the accuracy of screening, as evident from the two- and four-
species fitting findings reported above. On this note, experiments
can be done to identify other potential absorbing species in the vac-
cine formulation that contribute to the spectra in the chosen wave-
length range. Ideally, incorporation of each species should be based
on relevant control experiments to determine its individual spectral
behavior in the specific formulation medium, as was done here for
TX-100 and tryptophan residues through dilution series. Thiswould
ensure deduction of more accurate extinction coefficients, which
would also ensure more accurate screening.

A few factors need consideration with regards to modelling of
the biological absorbing species. Firstly, since influenza split-
virus vaccine formulations can have a large variety of proteins
and RNA segments, using the fundamental absorbing units in bio-
logical constituents (i.e. amino acids and nucleotides rather than
whole proteins and RNA segments, respectively) for modelling is
the easiest, most convenient and most flexible but possibly not
the most accurate way of approaching deconstruction of the spec-
tra. The ‘‘fundamental unit approach” is more feasible because,
alongside purification issues for the RNA segments, finding the
formulation-medium-specific extinction coefficients at several
wavelengths for such a variety of proteins and RNA segments
would be extremely tedious. However, the fundamental unit
approach may not be able to take into account conformation-
related factors that can affect the extinction coefficient of nucleo-
tides and, to a minute degree, amino acids.

Specifically, due to base-stacking effects, the extinction coeffi-
cient for a nucleotide sequence will always be less than the addi-
tion of the extinction coefficients of the constituent nucleotides
[36–39]. Thus, the fundamental unit approach for RNA nucleotides
essentially follows the simpler and more flexible ‘‘base composi-
tion method” (adding the extinction coefficients for isolated
nucleotides) for oligonucleotide extinction coefficient prediction,
rather than the more accurate but often inconvenient ‘‘nearest
neighbor method”, which takes into account base-stacking and
base-sequence effects by also considering interactions between
adjacent bases in calculation [36–39]. The fundamental unit
approach, therefore, can potentially result in overestimation of
RNA extinction coefficients and hence RNA contribution to the
spectra.

Moreover, although hypo/hyperchromicity is a phenomenon
identified more with double-stranded DNA than RNA, the possibil-
ity of some hypochromicity in RNA segments due to self-
complementarity-based ‘‘folding” (i.e. further base stacking) and
the consequent reduction in extinction coefficients should not be
ruled out completely [31,39]. The fundamental unit approach can
also overlook this minor factor, again resulting in overestimation
of RNA contribution to the spectra. Despite these points though,
the well-established average extinction coefficient used for a
nucleotide in a long, essentially randomized sequence (8000 M�1

cm�1 at 260 nm) [31] seems to account for these effects as it is con-
siderably less than the average (�11000 M�1 cm�1 at 260 nm) of
the values for the four common nucleotides.

Extinction coefficients for proteins are usually not complicated
by such effects, as accurate values can be calculated by adding the
extinction coefficients of the individual amino acids contributing
to absorption at a given wavelength, provided peptide bond
absorption is not also contributing at that wavelength. However,
even though hypochromicity is not usually associated with pro-
teins, the existence of solvent perturbation spectroscopy as a tech-
nique shows that amino acid extinction coefficients may be
affected, albeit minimally, by changes in the polarity of their
immediate environment. Thus, the possible hypo/hyperchromic
effect of protein folding and aggregation on amino acid extinction
coefficients may also need consideration when taking the funda-
mental unit approach. Overall, while the fundamental unit
approach assumes there are no conformation-related changes in
the extinction coefficients of nucleotides and amino acids, and,
may lack in modelling accuracy as a result, it can be reliably used
if such changes are negligible or can be addressed via evidence-
based correction of the derived or predicted extinction coefficients
[31,37].

Secondly, solution properties like ionic strength, pH and tem-
perature can also affect the extinction coefficients of proteins and
RNA [31,40,41] by influencing their folding/unfolding and thus
conformational structure. This again highlights the importance
not only of deriving extinction coefficients from the results of con-
trol experiments conducted with the specific formulation medium
but also of keeping samples refrigerated during storage and taking
measurements either at the refrigeration temperature or at room
temperature immediately after removal from storage. Accordingly,
the coarse extinction coefficients derived herein for tyrosine resi-
dues and RNA nucleotides based on values and absorbance ratios
from the literature may need revision based on control experi-
ments, since they will not necessarily be reflective of the condi-
tions in the formulation medium for these samples (the values
and ratios may be slightly different).

Finally, the spectra of some samples can be affected consider-
ably by light scattering contributions [31,32,42], which can be an
issue for accurate modelling. Large particles in vaccine formula-
tions, especially protein aggregates, can scatter light considerably,
causing significant absorbance readings above �320 nm where
proteins do not readily absorb [8,14,16,17,29,42]. Spectra that are
affected by such scattering have distorted baselines and thus need
to be corrected prior to screening analysis for accurate results [32].
Different methods have been developed to correct for light scatter-
ing [16,31,32,42] but due to the complex nature of the phe-
nomenon, especially its complex dependence on scatterer size
and shape, a method that works well with one particular biophar-
maceutical formulation may not work well with another, espe-
cially if the samples differ significantly in particle sizes and shapes.

Here, we have used a previously described empirical approach
[16,32] to correct only the spectra of PS1 samples for scattering,
since PS2 samples did not show significant scattering above
320 nm (Fig. 1B). An empirical approach was used, as opposed to
approaches based on the Rayleigh approximation or Mie theory
[31,32,43,44], because the assumptions made about particle mean
size, size distribution and shape in those approaches are not really
suitable for complex formulations like the split-virus vaccine sam-
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ples studied, which are quite non-uniform in terms of particle size
and shape. Specifically, in the samples, particle size dimensions
range from several nanometers (e.g. individual protein molecules)
to a few micrometers (e.g. large, amorphous protein aggregates),
while particle shape is varied and often not spherical [16]. Overall,
based on the 4-species screening results for PS1 samples (Table 1),
it can be said that although the empirical approach does well in
correcting the spectra of these samples for scattering, it would be
worthwhile to check for improvements in it using different fitting
functions (a third-order polynomial was used here [16]) and to
compare it to other approaches for verification of the best
approach for these and similar complex samples.

4. Conclusions

Deconstruction of UV–Vis absorption spectra into components
enables fairly accurate, preparation-free, rapid, user-friendly and
relatively inexpensive screening of TX-100 content in influenza
split-virus vaccine samples from different industrial processing
steps. Once the necessary control experiments, correction tests
and cross-method validation studies (all of which would take a
few weeks at most) are done, this method can be used in industrial
settings to facilitate efficient routine screening during processing
and thus quicker vaccine release. The screening accuracy is reliant
upon identification of the absorbing species in a known, routinely
produced formulation; therefore, this method is not suitable for
determining the contents of amystery formulation or reliably deter-
mining the presence/quantity of impurities in an otherwise known
formulation (even though this is rare in industrial reactor settings)
because many different species can have similar spectral behavior.

For samples with spectra that are known to have insignificant
light scattering contributions, the method can easily be adapted
for high-throughput screening; if light scattering contributions
are significant, however, high-throughput may only be achieved if
the scatter correction method has potential for automation along-
side being accurate. Finally, the method can be generalized tomany
other complex biopharmaceutical formulations for screening a par-
ticular ingredient (if it absorbs light), provided that the absorbing
species are identified, relevant controls are done to decipher the
individual spectral behavior (extinction coefficients) of these spe-
cies and spectrum-altering factors are negligible or addressable.
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