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ABSTRACT
Protein stability, particularly antibody stability, can be determined
by differential scanning calorimetry (DSC) without restrictions on
buffers, excipients, or detergents. This characterization method
works equally well for novel biotherapeutics, some of which
are bispecific antibodies, biosimilars, and modified antibodies
including antibody drug conjugates (ADCs). For this example, an
ADC was prepared using two different conjugation methods with
varying drug loads. The DSC thermogram was able to detect and
quantify the differences in the drug loads with respect to thermal
parameters including Tm, Tonset, and enthalpy (ΔH).
INTRODUCTION
Antibody Drug Conjugates (ADCs)

Figure 1. Cartoon of an ADC with two linkers (black) and two cytotoxic
drugs (yellow). The drugs are attached to the CH2 domain.

Anti-cancer monoclonal antibodies are “extremely discriminating
for their targets but sometimes therapeutically ineffective on their
own” [1]. This challenge led to the development of biotherapeutics
that check both boxes: Antibody Drug Conjugates (ADCs, cartoon
Figure 1). ADCs combine the specificity of an antibody with the
cytotoxicity of a potent small molecule. For these site-directed
killers, it is crucial to keep the load, the cytotoxic small molecule,
on the antibody until the destination has been reached. Just as
important is monitoring the payload after preparation to better
predict toxicity and dosage. It has already been established
that antibodies have a strong structure-function relationship and
quantification of how the drug may change this structure will be a
predictor of the function [2-3].
Differential Scanning Calorimetry (DSC)
DSC is one of multiple biophysical characterization techniques
used in understanding antibody structure. Others have established

MCAPN-2019-1

that “the biophysical properties of candidate molecules
have implications for development of therapeutics relating to
purification, formulation, pharmacokinetics, immunogenicity
and dosing regimens” [4]. DSC is a biophysical characterization
technique used to study the stability of compounds including
lipids, proteins, and oligonucleotides, in their native state. This
type of measurement is of interest for antibodies because stability
directly impacts their structure and ultimately their function [2-3].
This stability is often reported as Tm value, where for two-state
systems this is the state when ½ of the molecules are unfolded.
At this point, ΔG = 0 (free energy = 0) which is why a temperature
is typically reported for stability instead of a free energy value
because of this relationship. The Gibbs-Helmholtz equation can
be used if a ΔG at alternative temperatures are preferred. Often
the Tm value that is reported is a Tmax value and for symmetrical
unfolding events these will agree with each other. Ultimately the
thermal stability is of interest because poor stability can affect
the solubility and lead to aggregation, a common concern for
biotherapeutics [5-8].
Where many other techniques start and stop at Tmax the DSC
also gives the change in the partial heat capacity (ΔCp), enthalpy
(ΔH) and full-width at half-max (FWHM) all in one scan. The
ΔHcal reported is the model-free enthalpy required to disrupt the
hydrophobic and hydrophilic interactions that stabilize the protein
structure. There are also external stabilizing forces that greatly
contribute to the stability of a protein in the buffer, its excipients
and salt concentrations which stabilize or destabilize the protein.
One example is the buffer’s influence on the H-bonding network
that surrounds the protein [9-10]. The ΔHcal is dependent on the
concentration of the sample as well and this value provides insight
into the correctly folded quantities. Many protein concentration
techniques measure the misfolded and unfolded protein. The ΔHcal
value provides insight into the corrected folded quantities in the
solution. The DSC thermogram uncovers these differences with a
lower amplitude and ΔHcal. For a thorough discussion on protein
assays in the DSC refer to the application note “Characterizing
Protein Stability by DSC” [11] or other general reviews including
an issue of Archives of Biochemistry and Biophysics dedicated to
“Protein Folding and Stability” [12].
EXPERIMENTAL
Samples of ADCs with different drug loads: low medium, and high,
were prepared at 0.5 mg/mL in 10 mM phosphate buffer, pH 7.4. In
addition to varying the drug-to-antibody ratio (DAR), two types of
linker-payloads were investigated, conjugate type I and conjugate
type II. The native antibody, which was different for each conjugate
type, was also assayed.
A Nano DSC from TA Instruments operated with DSCRun™
software was used and set to equilibrate at the initial temperature
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prior to the start of the scan. Each sample was run in duplicate
and scanned at 1 ⁰C/min from 25 to 95 ⁰C. The first scans were
run over a wider range, 4 to 95 ⁰C to capture any low temperature
events (none were present) and then the range was decreased to
save time. The background used to correct the data files was the
supplied buffer, 10 mM phosphate buffer at pH 7.4. This buffer
was also loaded into the reference cells for each sample run.
Data were processed using NanoAnalyze™. A buffer background
was subtracted from each individual scan leaving the partial
molar heat capacity, which was normalized using the moles of the
protein in the active cell volume, 300 μL. A third or fourth order
polynomial was applied as the baseline to the normalized data for
area/enthalpy, ΔHcal, determination. The baseline applied had one
to two nodes prior to the rise in the slope, and first peak, the CH2
peak. One to two node points were applied following the highest
temperature event, CH3 unfolding. Baseline corrected data was
fitted with Gaussian models which yielded the fitting parameters
of the enthalpy (ΔH), amplitude, full-width at half-max (FWHM),
and Tmax.

°C

kcal/mol

Type-1

FWHM

Tmax

Tmax - Tonset

ΔHcal Total

Native

5.1

76.7 ± 0.1

7.7

1060 ± 40

Low

4.8

76.5 ± 0.1

7.3

800 ± 40

Moderate

4.9

76.4 ± 0.1

6.5

791 ± 7

High

4.5

76.2 ± 0.1

5.7

690 ± 20

Table 1. Average values and standard deviation from two sets of Conjugate
Type I data fitted with a baseline in NanoAnalyze™. A standard deviation of
less than 0.1 ⁰C is shown as 0.1 ⁰C.

Conjugate Type II

RESULTS
Conjugate Type I

Figure 3. Conjugate Type II data: Native (black), Low (blue), Moderate
(green) and High (red).

Figure 2. Conjugate Type I data: Native (black), Low (blue), Moderate
(green) and High (red).

Tmax for the largest unfolding event, the Fab domain, decreased from
Native to High, indicating that the Native form is more stable than
the modified forms (Figure 2). Prior to the experiment the instrument
was calibrated and validated with dipalmitoylphosphatidylcholine
(DPPC) having a Tmax shift of less than 0.1 ⁰C from the expected
literature value. Standard deviation of less than 0.1 ⁰C is only
of statistical significance. A standard deviation less than the
acquisition accuracy are listed as ± 0.1 ⁰C in Table 1. From the
Gaussian fit the FWHM of the peak decreases from Native to High.
The change is also observed in a lower Tonset and higher Tmax for
the Fab. The most evident change is the additional growing peak
at lower temperatures in the modified forms that is absent in the
Native. Instead, the Native antibody has a shoulder that overlaps
with the larger Fab unfolding event. The accumulated peak’s
enthalpy decreased from Native to High.

Tmax of the largest peak, Fab, had small changes. The most
significant difference between the modification was the decrease
in ΔH and the absence of the initial peak with a Tmax of 71.8 ⁰C
observed in both native and low (Figure 3). Differences were
observed in the width of peak as it increased from Native to
High, however, the FWHM values do not show this because the
amplitude also decreased – this change is better quantified by the
difference between Fab Tmax and Fab Tonset (Tmax-Tonset ) (Table 2).
Also, there is an additional unfolding event in the modified forms
that is absent in the Native. The abundance, based on the enthalpy
and amplitude, of these lower stability species increases from Low
to High loads and enthalpy decreased from Native to High.
°C

kcal/mol

Type-2

FWHM

Tmax

Tmax - Tonset

ΔHcal Total

Native

4.8

79.8 ± 0.1

4.4

950 ± 30

Low

4.8

80.1 ± 0.1

4.6

830 ± 20

Moderate

4.6

79.8 ± 0.1

4.9

690 ± 30

High

4.8

79.6 ± 0.1

5.3

650 ± 20

Table 2. Average values and standard deviation from two sets of Type2 conjugated data fitted with a baseline in NanoAnalyze™. A standard
deviation of less than 0.1 ⁰C is shown as 0.1 ⁰C.
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Both Conjugate types were fitted with the Gaussian model in order
to deconvolute and quantify the differences in enthalpy and Tmax.

Conjugate Type I showed a growing new peak as the number of
drugs increased from Native to High and Conjugate Type II showed
an opposite trend.

Figure 4. Conjugate Type I, Native, fitted with three Gaussians. The green
and black traces are assigned as Peaks 2 and 3.

Figure 6. Conjugate Type II. Native, fitted with three Gaussians.

Figure 5. Conjugate Type I, High, fitted with four Gaussians. The red trace
is identified as Peak 1.

Figure 7. Conjugate Type II. High, fitted with two Gaussians.

Values that changed with increasing drug load are listed in the
table below (Table 3).
°C

% ΔH of total ΔH

Peak 1 Tmax

Peak 1

Peak 2 + 3

Peak 4

N/A

N/A

88

12

Low

63.2 ± 0.3

2

90

8

Moderate

64.5 ± 0.3

4

89

7

High

64.2 ± 0.2

9

77

15

Native

Table 3. Average fitted values for percent enthalpy of total and Peak 1 Tmax
for Conjugate Type I from data fitting.

In Table 4 below the enthalpy is reported after fitting the values
to the Gaussian model. The model also provides Tmax, FWHM,
and amplitude as well as the enthalpy. The magnitude of the peak
decreased as the DAR increased but the Tmax of this initial peak
didn’t change.
% ΔH of total ΔH
Peak 1

Peak 2

Peak 3

Native

21

76

4

Low

15

82

3

Moderate

N/A

98

2

High

N/A

97

3

Table 4. Average fitted values for percent enthalpy of total for Conjugate
Type II from data fitting.
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DISCUSSION
The first peak of an antibody thermogram is typically the CH2
domain. The largest peak is the Fab and the third is the CH3
domain [13-14]. The unfolding of the smaller domains, CH2 and
CH3, are commonly observed as shoulders like the CH2 domain
in Conjugate Type I and the CH3 domain in Conjugate Type II.
Deconvolution of these events is desirable but as in cases like
High drug load of Conjugate II, the shoulder is difficult to separate
from the Fab peak. Rather than finding the mathematical solution
with the best fit, simplicity, less fitting parameters, is preferred to
describe the thermogram.
In Tables 3 and 4, ΔH is expressed as a percentage because it more
clearly shows the differences with the payload difference. Tables
1 and 2 show a decrease in the total ΔH and could either be due
to unfolding or could be related to a decrease in enthalpy as the
stabilizing forces change when additional hydrophobic payloads
are added. This second hypothesis is likely as hydrophobic groups
can disrupt water shells that help to stabilize proteins, a percentage
of the protein is degraded. Conjugate Type I shows a decrease in
the overall enthalpy by 25% from Native to the Low and Moderate
loads and an additional 10% decrease with the High load. Part
of this decrease can also be attributed to the small hydrophobic
drugs disrupting the stabilizing forces.
Conjugate Type I
For the low temperature event, likely a modified CH2 population,
ΔH increases from not detectable for Native to 9% of the total
enthalpy at high drug load. The magnitude of heat values trend
with the quantity therefore it is reasonable to assume that the
population of this less stable species increased by 9%. The
presence of the peak differentiates Native from low and moderate
from high loads. The temperature of the transition differentiates
low from moderate. This new peak could be a new, less stable,
CH2 domain population as the overall enthalpy for Peaks 2 and 3
decreases as this peak grows and peaks 2 and 3 are the CH2 and
Fab contributions to this enthalpy, respectively.
Conjugate Type II
For Conjugate Type II, lack of change in the Fab domain could
indicate a greater level of homogeneity in the Native sample or
it could come from the stability of the low temperature species
increasing and overlapping with the stability of the middle species.
The enthalpy comes from the direct breaking of hydrogen bonds
or electrostatic interactions. Either these bonds are not formed
in the modified forms or a smaller percent of the correctly folded
molecule remains after modification.
Most of the heat originates from peak 2 as ΔH increased
incrementally with the extent of modification. This change
occurred concurrently with an increase in the width which could
indicate that the extent of Conjugate Type II modification stabilizes
the CH2 domain and now its unfolding event overlaps with the
Fab unfolding. Overall the addition of drugs creates a single wider
unfolding event making differentiating between moderate and high
difficult with only a small enthalpy decrease and a lower Tonset. The

differences between Native and Low are observed as ΔH of Peak
1 (CH2) decreases with the addition of the drug and Peak 2 (Fab)
increases as a population of more stable CH2 species grows. The
difference between Low and Moderate is distinct because the low
temperature CH2 peak is no longer present. Another key indicator
for this preparation is the Tonset for the major peak incrementally
decreasing as the drug load increases (Table 2).
CONCLUSION
Key unfolding parameters such as ΔH, Tonset, and Tmax were
quantitative indicators of the amount of drug loaded. Conjugate
Type I showed the marked difference from native to low and then
again from moderate to high drug loads with the appearance
and subsequent growth of a low temperature peak. Conversely,
Conjugate Type II showed a reduction in both enthalpy and
amplitude of the lower temperature peak as the drugload
increased with the largest change in the thermogram between low
and moderate loads. Both Conjugate types had a decrease in
total enthalpy and in order to normalize for concentration effects
the percent enthalpy was presented to show the trend for growth
or retraction as well as the overall consistency for the enthalpy of
the Fab peak. Ultimately calorimetry provided a direct qualitative
and quantitative assessment of biopharmaceuticals including
differentiation between Conjugate types and drug-to-antibody
ratios.
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