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Analysis for CD Comparability StudiesAnalysis for CD Comparability Studies

APPLICATION NOTE

IntroductionIntroduction
Circular dichroism (CD) spectroscopy is a well-established 
technique for the structural characterization of chiral 
molecules and has become an indispensable part in the 
biophysical toolbox for biotherapeutics development. 
Particularly, CD spectroscopy provides information about 
both secondary and tertiary structure of antibody-based 
therapeutics, including biosimilars, and as such is essential 
for controlling higher order structure (HOS) as a critical 
quality attribute (CQA) within a totality-of-evidence 
approach.

However, CD data are often still assessed only qualitatively 
by subjecting spectra to visual evaluation. To eliminate user 
bias, spectral differences should instead be quantified by 
a reproducible mathematical approach which eliminates 
guesswork and scrutinizes results against a well-defined 
acceptance criterion that informs whether these differences 
are statistically relevant or not.1-3

While HOS comparison analysis has been developed 
with this dedicated purpose in mind and is increasingly 
accepted by the industry, many practitioners of CD 
spectroscopy still rely on traditional secondary structure 
decomposition analysis of far-UV CD data, which primarily 
yields absolute numbers on the fractions of secondary 
structure. As regulatory authorities still demand secondary 
structure decomposition in support of a totality-of-evidence 
approach as well, analysts may be tempted to derive 
conclusions about small relative differences in HOS from 
this type of analysis despite its limited precision. The 
uncertainty for secondary structure content obtained by 
this analysis approach is typically on the order of 5–10% 
or higher, e.g., due to spectral contributions that cannot be 
attributed to secondary structure.4,5

This begs the question how a direct approach using HOS 
comparison analysis, which yields values for similarity 
assessment without intermediate steps, and an indirect 

approach, which derives conclusions about relative 
differences from absolute results obtained by secondary 
structure decomposition, compare to each other in their 
ability to reveal minor spectral differences between a 
reference and samples of high similarity. To shed light 
on this premise, we examine here an exemplary dataset 
for a biotherapeutic molecule spiked at different relative 
amounts with either BSA or higher molecular weight species 
to represent contamination with a foreign molecule and 
increased aggregate content, respectively.

Results & DiscussionResults & Discussion
Averaged and baseline-corrected far-UV spectra for all 
sample replicates are shown in Figure 1, including CD 
(Figure 1a) and absorbance spectra (Figure 1b). Absorbance 
showed some variation between about 0.8 A.U. and 1.2 
A.U., indicating slight differences in concentration between 
sample replicates. To account for these differences 
for subsequent analysis, CD data were normalized by 
absorbance, using average absorbance in the range 
(191 ± 2) nm.

Overall, spectral differences for some samples were 
immediately apparent by visual assessment, with spectral 
differences spanning up to 2 mdeg around the main peak 
at ~216 nm. Quantitative data analysis confirmed this 
initial visual inspection but provided more detail to reveal 
differences that elude even the eyes of a highly experienced 
data analyst (Figure 2).

Differences between reference and sample data were 
quantitatively assessed in terms of Z-scores for both 
HOS comparison analysis and secondary structure 
decomposition, where Z-scores >2 generally indicate 
statistically significant differences as such values do not 
fall inside a ±2xSD quality range, i.e., an interval that 
corresponds to two times the reference standard deviation 
above and below the mean. 
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Similarity values from HOS comparison analysis were 
obtained using multiple alternative comparison methods, 
and results from secondary structure decomposition 
analysis were obtained based on different combinations 
of algorithms and sets of reference CD spectra (for more 
details see Methods section).

Highly Similar Samples

As expected, the control sample, which was identical to 
the reference, yielded Z-scores below 2, i.e., within the 
chosen ±2xSD quality range, independent of the analysis 
approach. Similarly, differences introduced by an aggregate 
content of up to 5% were too small to be captured by any 
of the analysis methods, making the corresponding sample 
spectra virtually indistinguishable from the reference 
spectrum, both by visual and quantitative assessment.

Highly Different Samples 

On the other hand, Z-scores above 2, i.e., outside the 
chosen quality range, were obtained with all analysis 
approaches for 8% and 4% BSA and, with one exception 
(secondary structure decomposition with SELCON3 and 
SDP42 reference set), for 2% BSA. The differences between 
the reference and these samples were large enough that 
a visual gap of up to ~1 mdeg is evident at the main CD 
peak in the spectral data. However, spectral differences 
of this magnitude might still not prompt some scientists to 
conclude a structural difference, as can be evidenced from 
examples in the literature.6-9

Figure 1: Averaged and baseline-corrected far-UV data for samples spiked with different amounts of BSA (blue) or aggregate content 
(purple). Each panel shows a total of 108 traces for 12 samples with 9 replicates each; a) normalized circular dichroism spectra and 
b) absorbance spectra. Absorbance averaged across (191 ± 2) nm (black lines) was used for normalization of CD spectra. 
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Figure 2: Heat map showing mean Z-scores for samples spiked with different amounts of BSA (blue) or aggregate content (purple). For 
each sample, top three rows show values obtained with secondary structure decomposition algorithms (SELCON3, CDSSTR, CONTINLL), 
where columns correspond to the reference set used (SP29, SP37, SP43, SDP42, SDP48);  bottom row shows values obtained with HOS 
comparison analysis, where columns correspond to the comparison method used (Weighted Spectral Difference (WSD), Spectral Difference 
(SD), Prestrelski Correlation Coefficient, Pearson Correlation Coefficient, Area of Overlap (AoO)). Colouring on a linear scale from green to 
white indicates values within the quality range of ±2xSD, and colouring on a logarithmic scale from yellow to red indicates values outside 
the quality range; i.e., white fields indicate values that barely fail the criterion for spectral difference (i.e., Z-scores barely within the 
quality range) whereas yellow fields indicate values that barely meet the criterion (i.e., Z-scores barely outside the quality range).
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Minor Differences

A review of the quantitative results becomes more 
interesting when looking at samples with minor differences 
that yielded Z-scores closer to the limits of the quality 
range, such as 0.5% BSA. Here, all HOS comparison methods 
yielded Z-scores >2, clearly indicating that samples were 
significantly different to the reference. Secondary structure 
decomposition, however, in most cases yielded Z-scores 
<2; both SELCON3 and CDSSTR failed to reveal differences 
independent of the reference set used, and CONTINLL only 
yielded Z-scores >2 for three out of the five reference sets 
tested.

For 1% BSA, all HOS comparison methods except Pearson 
Correlation Coefficient yielded Z-scores >2, while secondary 
structure decomposition algorithms CONTINLL and CDSSTR 
did so for three and four of the five tested reference sets, 
respectively. SELCON3 did not indicate a difference for any 
spectral reference set.

In the case of 10% aggregate content, three of the five HOS 
comparison methods (Prestrelski Correlation Coefficient, 
Spectral Difference, and Area of Overlap) indicated a 
difference, but only one combination of secondary structure 
decomposition algorithm and reference set (CONTINLL with 
SP43) indicated a difference.

For both 20% and 30% aggregate content, all HOS 
comparison analysis methods indicated a difference, but 
secondary structure decomposition did so only for certain 
combinations of algorithm and reference set. Again, 
SELCON3 performed most poorly, yielding a Z-score >2 for 
only the samples with 30% aggregate content with SP29 
and suggesting no difference for 20% aggregate content no 
matter which reference set was used.

Nature of structural changes 

As secondary structure decomposition primarily quantifies 
secondary structure content, the nature of structural 
differences detected was also examined. Figure 3 shows for 
each combination of algorithm and reference set for which 
of the different secondary structure elements Z-scores >2 
were obtained and whether secondary structure content 
increased or decreased.

As can be expected for spiking with BSA, which has 
predominantly α-helical structure, an increase in regular or 
distorted helix (green) yielded the largest Z-score in most 
cases. For BSA contents between 1% and 4%, changes in 
sheet content (red) gave the largest Z-scores in some cases, 
particularly for 2% BSA using CDSSTR. This was mostly due 
to a reduction in β-sheet content, which is in line with a 

reduced relative content of the antibody molecule in the 
sample. However, SELCON3 suggested an increase in sheet 
structure for 4% and 8% BSA, and both an increase (2% BSA, 
CDSSTR and CONTINLL) and decrease (8% BSA, SELCON3 
and CONTINLL) was suggested for turns and unordered 
structure with some reference sets.

ConclusionConclusion
Here, an exemplary data set including far-UV CD spectra 
for biotherapeutics samples spiked with different amounts 
of BSA and aggregate content was analysed by both 
HOS comparison analysis and secondary structure 
decomposition. Results illustrate that HOS comparison 
analysis is superior to secondary structure decomposition 
analysis in the detection of minor spectral differences and, 
in turn, in providing an objective, statistically validated 
assessment of relative changes in HOS to support informed 
decisions in biotherapeutics development. Namely, HOS 
comparison analysis yielded overall larger Z-scores across 
different comparison methods than secondary structure 
decomposition analysis, demonstrating its unmatched ability 
to detect small differences between samples.

However, HOS comparison analysis remains the preferred 
approach for similar comparative studies for several 
additional reasons. HOS comparison analysis is independent 
of spectral range and does not depend as much on low-
wavelength data like secondary structure decomposition 
does. It can also be applied to, e.g., near-UV CD data 
informing about changes in tertiary structure, which is 
essential in a totality of evidence approach required for 
biosimilar approval by regulatory authorities,11-22 or even to 
data obtained with techniques other than CD spectroscopy, 
e.g., infrared spectroscopy.23,24

Moreover, HOS comparison analysis is less dependent on 
accurate input information such as sample concentration 
and path length because an internal reference is used and 
normalization accounts for small differences in concentration.

HOS comparison analysis is also less prone to user bias 
because comparison methods perform similarly, whereas 
there are greater differences resulting from the choice 
of algorithm and reference set for secondary structure 
decomposition.

Finally, the mathematical foundation of comparison methods 
is simpler and is easily implemented as described in the 
literature,1,2-23-27 whereas some tools for secondary structure 
decomposition are less transparent, most are only available 
online, and tools are almost always used in a black-box 
approach.
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Figure 3: Changes in secondary structure suggested by secondary structure decomposition for samples spiked with different amounts 
of BSA (blue) or aggregate content (purple). For each sample, rows indicate results obtained with secondary structure decomposition 
algorithms (SELCON3, CDSSTR, CONTINLL), where columns correspond to the reference set used (SP29, SP37, SP43, SDP42, SDP48). 
Changes are only indicated where the absolute Z-score was >2. Arrows indicate increase (↑) or decrease (↓) in secondary structure 
elements (H(r): regular helix, dark green; H(d): distorted helix, light green; S(r): regular sheet, dark red; S(d): distorted sheet, light red; 
Turn: turns, dark pink; and Unrd: unordered, light pink). Thick arrows (⇧ or ⇩) indicate largest changes across the six secondary structure 
elements for each combination of sample, algorithm, and reference set.
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MethodsMethods
Spectra were measured using a Chirascan Q100 
automated CD spectrometer (formerly Applied 
Photophysics®, now part of Nicoya) equipped with a flow 
cell with an optical path length of 0.1 mm.

Samples used to obtain the data set contained a 
biotherapeutic molecule spiked with either BSA or higher 
molecular weight aggregates. All samples were used as-is 
at a nominal concentration of 1 mg/mL and transferred to 
a 96-well microwell plate for automated runs.

Sample Preparation

Before preparation of microplates, samples and buffer were 
subjected to a vacuum (~-95 kPa) for ~30 min to remove 
excess dissolved gas. After preparation of a microplate, it 
was centrifuged at 3000 rpm for 5 min (Heraeus Megafuge 
11, Rotor T41) to remove bubbles.

Microplates were prepared in a layout with alternating 
buffer/sample pairs to account for potential effects of 
different sample storage times before acquisition and 
to prevent cross-correlation in the statistical analysis. 
Replicates were arranged in separate blocks of wells, and 
buffer/sample pairs were arranged in a randomized order. 
Samples of BSA and aggregates are listed in Tables 1 & 2, 
respectively. The layout of the microplate is shown in 
Figure 4.

Data Acquisition

Absorbance and CD spectra were obtained simultaneously 
with acquisition settings as specified in Table 3 for the 12 
different samples, with a total of 9 replicate measurements 
per sample obtained in groups of 3 across 3 separate 
automated runs. For each replicate, an individual buffer 
blank was obtained to be used for baseline correction, 
and 3 repeat scans were obtained in each acquisition. In 
consequence, the raw data set contained a total of 648 
single scans.

Between consecutive measurements, the flow cell was 
cleaned thoroughly using the default cleaning protocol 
including flushing with detergent (10% Decon 90), water, 
and acetone, followed by drying with a vacuum pump.

Figure 4: Microplate layout. B: Buffer, 1 to 12: Samples as labelled 
in Tables 1 & 2.

Sample Number Sample Type

1 Reference

2 0.5% BSA

3 1% BSA

4 2% BSA

5 4% BSA

6 8% BSA

Table 1: List of BSA samples

Sample Number Sample Type

7 Control

8 2% Aggregates

9 5% Aggregates

10 10% Aggregates

11 20% Aggregates

12 30% Aggregates

Table 2: List of aggregate samples

12 - - - - - - - -

11 - - - - - - - -

10 - - - - - - - -

9 B 7 B 12 B 1 B 9

8 B 10 B 5 B 2 B 3 Replicate 3

7 B 6 B 11 B 8 B 4

6 B 7 B 12 B 1 B 9

5 B 10 B 5 B 2 B 3 Replicate 2

4 B 6 B 11 B 8 B 4

3 B 7 B 12 B 1 B 9

2 B 10 B 5 B 2 B 3 Replicate 1

1 B 6 B 11 B 8 B 4

A B C D E F G H

https://www.alto.nicoyalife.com/?utm_source=web&utm_medium=navbar&utm_campaign=alto


Questions? Speak with an Application Scientist today:
info@nicoyalife.com  |  www.nicoyalife.com

7

Data Processing

Basic data processing was carried out using the default 
processing script of the autosampler software, which 
includes averaging of repeat scans and subtraction of the 
buffer average from the corresponding sample average for 
each buffer/sample pair.

Before data were subjected to either HOS comparison 
analysis or secondary structure decomposition, the far-UV 
CD spectra were normalized by absorbance to account for 
slight differences in sample concentrations. To this end, 
CD values were divided by the average absorbance across 
(191 ± 2) nm, i.e., making use of a small interval around the 
main carbonyl absorbance peak to minimise the effect 
of system noise. Moreover, CD data below 195 nm were 
characterized by elevated signal noise due to detector 
voltages >750 V and were thus excluded from further 
analysis.

For analysis with CDPro, spectra were first converted from 
millidegrees to mean residue molar absorbance, Δε (M-1 cm-1) 
based on a nominal concentration of 1 mg/mL, an optical 
path length of 0.01 cm, and a molecular weight of 150 kDa.

Data Analysis

HOS comparison analysis was carried out using qBiC 
software version 1.1.2 to yield similarity values for five 
different comparison methods including Pearson and 
Prestrelski Correlation Coefficients, Spectral Difference and 
Weighted Spectral Difference, as well as Area of Overlap.

Secondary structure decomposition was carried out using 
CDPro to yield relative contents of six different secondary 
structure elements (H(r): regular helix; H(d): distorted helix; 
S(r): regular sheet; S(d): distorted sheet; Turn: turns; and 
Unrd: unordered).28 Analysis with CDPro was carried out 
for the 12 samples with 9 replicates each using all three 
included algorithms (SELCON3, CONTINLL, CDSSTR) and five 
different reference sets (SP29, SP37, SP43, SDP42, SDP48); 
a custom script was used to automate generation of input 
files and execution of a total of 1620 secondary structure 
decomposition calculations.

To enable a direct comparison between results from HOS 
comparison analysis and secondary structure decomposition, 
results were expressed in terms of Z-scores. For HOS 
comparison analysis, Z-scores were directly obtained from 
the qBiC software. For secondary structure decomposition, 
Z-scores were calculated from results expressing fractions of 
secondary structure. That is, for each secondary structure 
element, mean and standard deviation were calculated from 
reference replicates. Then, for any sample replicate, the 
reference mean was subtracted from the sample replicate 
secondary structure fraction and the resulting difference 
divided by the reference standard deviation to obtain the 
sample replicate Z-score.

As either an increase or decrease in secondary structure 
may indicate a significant conformational change, 
only absolutes of Z-scores from secondary structure 
decomposition were used for subsequent comparison.

To simplify data interpretation, means of Z-scores were 
obtained by averaging across the replicates of each sample. 
For results from secondary structure decomposition, only 
the largest mean Z-score obtained across the six different 
secondary structure elements was further used for any given 
combination of sample, algorithm, and reference set.

Table 3: Acquisition settings for CD & absorbance spectra

Parameter Setting

Wavelength range (nm) 180 to 260

Step size (nm) 1

Bandwidth (nm) 1

Time-per-point (s) 1

Measurement temperature (°C) 20

Repeat scans 3
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