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Abstract

Differential scanning calorimetry (DSC) studies of blood plasma are part of an emerging area of
the clinical application of DSC to biofluid analysis. DSC analysis of plasma from healthy
individuals and patients with various diseases has revealed changes in the thermal profiles of the
major plasma proteins associated with the clinical status of the patient. The sensitivity of DSC to
the concentration of proteins, their interactions with other proteins or ligands, or their covalent
modifications underlies the potential utility of DSC analysis. A growing body of literature has
demonstrated the versatility and performance of clinical DSC analysis across a range of biofluids
and in a number of disease settings. The principles, practice and challenges of DSC analysis of
plasma are described in this article.

Keywords
Differential scanning calorimetry; thermogram; plasma; clinical diagnostics

1. Introduction

Differential scanning calorimetry (DSC) is an established, highly sensitive thermal analysis
technique. DSC has been broadly applied in the life sciences to measure the heat profiles of
biomolecules with application to areas including protein engineering, biopharmaceutical
formulation and the study of various biomolecular interactions such as protein-ligand and
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protein-protein interactions [1]. DSC normally uses highly purified biomacromolecules to
provide detailed and precise thermodynamic information about their stability or reactivity.
We describe here a less conventional application of DSC to the analysis of complex
mixtures. DSC is sensitive to the extensive properties of a solution of macromolecules and
therefore is useful for monitoring concentrations of components in mixtures. This makes
possible the application of DSC to provide a signature denaturation profile (thermogram) of
a complex mixture based on the thermal stability of its individual components. The DSC
thermogram of a mixture provides a unique signature analogous to a spectrum of a
multicomponent mixture, or to a chromatographic elution profile, but one that is based on a
unique underlying physical property, thermal stability. The goal of DSC studies in such a
case is not detailed thermodynamic analysis but rather a more qualitative profiling of
complex samples. Thermograms of mixtures do retain quantitative features that may be used
for statistical comparisons of samples. Recently DSC has been applied in this novel
direction to the analysis of clinical biofluids. Table 1 shows publications in this emerging
area of DSC analysis. The majority of the publications address the analysis of human blood
plasma or serum with other studies exploring the use of cerebrospinal fluid and, most
recently, brain tumors. The clinical areas of investigation are diverse encompassing a range
of cancers, autoimmune diseases, infectious disease, chronic health conditions, healthy
subjects, athletes and disease controls. These studies have shown that DSC can detect
differences in thermograms of biological samples associated with health status. This
presents the potential of DSC to complement existing clinical diagnostic approaches.

DSC has a number of attributes that underlie its potential utility as a new diagnostic
technology. DSC detects with high sensitivity small heat changes associated with thermally-
induced events. It is a universal detector which does not rely on any form of labeling or
derivatization of analytes. DSC also does not require any pre-analytical fractionation
allowing the analysis of complex mixtures such as blood plasma. As was mentioned, DSC
thermograms reflect the extensive properties of a sample and will therefore correspond to
changes in the concentration of component proteins associated with clinical status. DSC is
sensitive to any changes in the thermal stability of analytes. In the case of the plasma
proteome, structural modifications to plasma proteins or changes in intermolecular
interactions associated with a disease state will be sensitively detected by DSC. Changes in
thermograms associated with disease conditions are typically manifested as temperature-
shifted profiles. One hypothesis for disease-altered thermograms are that these could reflect
the “interactome” concept [2]. This concept describes plasma as being composed of a
network of protein-protein, peptide-protein and metabolite-protein interactions which one
could envisage could be affected by the presence of disease biomarkers. These altered
interaction networks would affect the denaturation properties of plasma and result in
changes in DSC thermograms. DSC analysis of clinical samples has shown that, relative to
control populations, thermograms are altered in shape and shifted to higher temperatures in a
number of diseases. Further, thermograms have been shown to be sensitive to disease burden
[3] as well as to patient therapy [4]. The growing body of literature applying DSC to
different biological samples in an ever increasing number of diseases presents the exciting
possibility that DSC might find a place as a useful clinical tool. The aim of this article is to
outline the principles and practice of plasma thermogram analysis and to discuss the
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development of the approach in moving from basic research investigations to the clinical
arena.

2. Principle of plasma thermograms

DSC is the method of choice for thermodynamic studies of protein denaturation, where
temperature-induced unfolding of proteins can be directly measured. DSC monitors heat
changes associated with the thermal denaturation of biomolecules providing a direct
quantitative measurement of the thermostability of protein(s) in terms of a melting curve (or
thermogram). DSC profiles (or thermograms) are unique for each biomolecule as a
consequence of unique structural motifs and molecular forces. Under a given set of buffer
conditions, every protein has a thermogram with a characteristic melting temperature (T,y)
and denaturation enthalpy (AH) that provides a fundamental thermodynamic signature for
that protein. DSC is typically applied to the analysis of a single purified biomolecule or a
biomolecule with an interacting partner. Recently, the utility of DSC for the analysis of
complex protein solutions has been explored in the area of clinical diagnostics. DSC
thermograms are directly related to the mass of proteins present. For example, if the weight
concentration of a protein is doubled, the calorimetric heat response will also double.
Likewise, in a solution containing a mixture of proteins, the relative heat response will
correspond to the total mass of proteins present. Fundamentally, this property constitutes the
basis for DSC-based diagnostic applications since thermograms of protein mixtures can be
deconvoluted into characteristic melting curves of individual protein components. In a non-
interacting mixture, each protein will have a characteristic curve shape, Ty, and AH. Thus,
the thermogram observed for the mixture can be represented as the sum of all constituent
individual protein thermograms weighted according to their relative molar mass and
concentration. We have shown this to be the case for the plasma thermogram obtained from
healthy subjects [5].

A normal thermogram and its deconvolution are shown in Figure 1. The normal thermogram
in Figure 1A is an average obtained from plasma samples of 120 individuals. Figure 1B
shows thermograms for seven of the most abundant pure plasma proteins, normalized on a
g/L concentration scale. The observed experimental thermogram is the vector T with excess
specific heat values measured over a range of temperatures. Deconvolution of T requires
fitting to a vector of concentrations C using a matrix of pure reference proteins R. R is a
rectangular matrix of excess specific heat capacities at each temperature for each protein
component. The classic least-squares solution to this problem is given by

C=inv(R’xR) x R’ x T

where R’ is the transpose of R. The experimental thermogram can be fit to a minimum of
five protein components, as shown in Figure 1A. The deconvoluted contribution of human
serum albumin (HSA), immunoglobulin G (IgG), fibrinogen, immunoglobulin A and
haptoglobin are shown in Figure 1A, along with the residual plot inset at the top of the
panel. Attempts to include more than these five proteins led to nonsensical fits characterized
by negative concentration values. This indicates that only a limited number of unique
component thermogram shapes can be resolved that contribute to the observed experimental
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thermogram. The experimental thermogram is dominated by contributions from HSA and
IgG, but contributions from other components are needed to account for subtle features of
the thermogram.

The power of DSC in characterizing binding interactions is exploited in its application to the
study of the disease-state plasma interactome. Putative interaction of disease markers with
the more abundant plasma proteins is akin to ligand-protein binding for which detailed
protocols are firmly established for the analysis of ligand-induced shifts in denaturation
thermograms. Changes in the thermogram as a result of binding interactions can be dramatic
and can be related quantitatively to the binding constant and binding enthalpy of the
biomarker. DSC thermograms have potential utility as a diagnostics tool because they are
sensitive to changes in protein composition both in a non-interacting mixture and as a
consequence of modifications or interactions with other components. An example will be
shown later to illustrate this.

The aim of this article is to document necessary considerations for obtaining reproducible
thermograms. An example of the utility of the approach will be provided.

3. Materials and methods

In order to obtain consistent, reproducible plasma thermogram, specific protocols must be
zealously followed. A detailed, step-by-step standard operating procedure for obtaining
thermograms is provided as Supporting Information. Additional comments relevant to the
data presented follow.

3.1. Samples

DSC is considered a universal detector and as such is applicable to a wide array of samples.
Table 1 is a testament to the versatility of DSC for the analysis of clinical samples. The
majority of publications highlighted in Table 1 focused on the analysis of blood plasma or
serum samples but the analysis of a range of other biological samples has been reported,
including cerebrospinal fluid and digested tumor samples. This article will focus on DSC
analysis of plasma/serum samples. Plasma/serum samples were purchased commercially for
our studies, for example, pooled healthy control plasma was obtained from Sigma-Aldrich
(St. Louis, MO) and used for the experiments examining pre-analytical and analytical
factors on plasma thermograms (Section 4.1). Single donor healthy plasma was obtained
from Innovative Research (Southfield, MI) and formed the majority of samples in our
healthy control group. A large number of samples, including additional healthy controls as
well as the majority of the disease samples we have analyzed, have been obtained through
clinical collaborations. In this event, it is necessary to ensure that the studies undergo review
and approval by the appropriate Institutional Review Boards before commencing and that all
human subjects protocols and biosafety procedures are followed. As a result of reliance on
clinical operations we have analyzed serum as well as plasma collected in the presence of
different anticoagulants. We have previously shown that there is no substantial difference
between the profile of serum or plasma except for fibrinogen, which is present in plasma but
is removed through the clotting process for serum collection [6]. Fibrinogen can be
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unambiguously identified through the observation of a unique transition ~ 50 °C
representing unfolding of one of its three domains.

3.2. Sample preparation

The plasma thermogram assay is simple and direct. No elaborate preparation steps are
required and our standard procedure involves only four steps: (1) dialysis to normalize
sample solution conditions; (2) sample filtration to remove particulates; (3) dilution to yield
a suitable total protein concentration for DSC; and (4) direct analysis by DSC. Specifically,
small volumes of plasma (100 microliters) were dialyzed against a standard physiological
phosphate buffer (1.7 mM KHoPOy4, 8.3 mM Ky;HPO,, 150 mM sodium chloride, 15 mM
sodium citrate, pH 7.5) at 4 °C for 24 hours with four buffer changes. To effectively dialyze
such small volumes of plasma we used Slide-A-Lyzer MINI dialysis devices (MWCO
3,500, 0.1 mL; Pierce, Rockford, IL) that were secured in 25-place floats, placed in a 2 liter
beaker and equilibrated overnight against 1 liter of dialysis buffer in the cold room. The next
morning the units were loaded with plasma samples and returned to the beaker containing
dialysis buffer. Gentle stirring was employed to allow motion of the dialysis float and
increase the diffusion rate during dialysis. The float was removed and placed in a beaker of
fresh dialysis buffer after dialysis periods of three hours, four hours and four hours. The
final dialysis period was allowed to proceed overnight before recovery of the samples and
final dialysis buffer the next morning. Based on cost and reliability we routinely re-
assembled washed dialysis units replacing the original dialysis membrane with cut-to-size
SnakeSkin Dialysis Tubing (Pierce, Rockford, IL). Samples were filtered using a Spin-X
centrifuge tube filter (0.45 um cellulose acetate; Corning Incorporated, Corning, NY). The
final dialysis buffer was filtered using 0.2 um polyethersulfone filter disks (PALL
Corporation, Port Washington, NY). Filtered samples were diluted 25-fold with final
dialysis buffer to obtain a suitable concentration for DSC analysis.

3.3. Buffer exchange experiments

Buffer exchange experiments were performed using commercially obtained plasma samples.
Pooled healthy control plasma was obtained from Sigma-Aldrich (St. Louis, MO) and single
donor Lyme disease plasma obtained from BBI diagnostics (West Bridgewater, MA).
Samples were divided into three groups: standard dialysis procedure (Section 3.2); no
dialysis; and buffer exchange using Zeba™ Spin Desalting Columns (Pierce, Rockford, IL).
Spin columns were prepared according to the manufacturer’s instructions for the buffer
exchange procedure with 100uL of sample applied to each column. Samples were diluted
25-fold and 50-fold then analyzed in triplicate by DSC (Section 3.5). Results of a second
independent experiment were found to be highly reproducible.

3.4. Equilibrium dialysis experiments

Equilibrium dialysis experiments were performed using commercially obtained plasma and
HSA samples. Pooled healthy control plasma and HSA were obtained from Sigma-Aldrich
(St. Louis, MO) and single donor Lyme disease plasma from BBI diagnostics (West
Bridgewater, MA). Total protein concentrations of the plasma samples were measured
before dialysis using the bicinchoninic acid protein assay (Section 3.5) and adjusted to equal
concentrations by dilution with phosphate buffer. HSA was prepared at a concentration
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representing 62% of the plasma total protein concentration which equates to the typical HSA
proportion in plasma. Samples were analyzed in two groups: no dialysis and dialysis using
the 5-Cell Spectrum Equilibrium Dialyzer (Spectrum Labs, Los Angeles, CA) with
SnakeSkin Dialysis Tubing (Pierce, Rockford, IL). Dialysis was performed in a pair-wise
fashion loading 600 pL into each half-cell in the following combinations: Cell 1: Lyme vs.
Buffer; Cell 2: Lyme vs. Healthy; Cell 3: Lyme vs. HSA,; Cell 4: Healthy vs. Buffer; Cell 5:
Healthy vs. HSA. Dialysis was performed at 4°C for 24 hours. Samples were recovered,
diluted 25-fold and analyzed in duplicate by DSC (Section 3.5).

3.5. DSC measurements

DSC data have been collected with a number of different DSC systems but primarily,
because of higher throughput, with the automated DSC systems: MicroCal VVP-Capillary
DSC (MicroCal LLC, Northampton, MA, now part of Malvern) and TA Instruments Nano
DSC Autosampler System (TA Instruments, New Castle, DE). The DSC instruments used
were serviced and calibrated according to the manufacturer’s procedures, for example see
[3]. Plasma samples and matched dialysis buffer were transferred into 96-well plates and
loaded into the instrument autosampler which was thermostated at 4 °C until loading into the
DSC instrument for analysis. DSC scans were recorded from 20 °C to 110 °C at a scan rate
of 1 °C/min with a pre-scan equilibration period of 900 seconds (and a mid feedback mode
and filtering period of 2 s for the VVP-Capillary DSC). Duplicate scans were recorded for
each sample. DSC scans were processed using the instrument supplied software. First, scans
were corrected for instrument baseline by subtraction of a suitable buffer reference scan.
Next, corrected scans were normalized for the total protein concentration to allow direct
comparison of samples. We employed a colorimetric total protein assay using the
bicinchoninic acid protein assay kit and microplate procedure from Pierce (Pierce, Rockford,
IL), with minor modifications to the incubation time included in the manufacturer’s
protocol. Absorbance readings were taken using a Tecan Safire microplate reader (Tecan
U.S., Research Triangle Park, NC). Finally, we corrected scans for non-zero baselines by
application of a linear baseline fit using Origin 7 (OriginLab Corporation, Northampton,
MA). Discussion of the choice of sample baseline appears in Section 4.4. Final thermograms
were plotted as excess specific heat capacity (cal/°C.g) versus temperature (°C) for
subsequent comparison and analysis. We have described previously our DSC procedure
involving sample batching, to ensure completion of all analysis within seven days of sample
thawing, and also run setup, to ensure scan reproducibility and effective cleaning of
instrument chambers [3].

3.6. Data analysis

Our earlier published reports on plasma thermograms focused on qualitative comparison of
profiles either through direct comparison of thermograms or through the construction of
difference plots [3, 5]. We have employed another method to compare thermograms,
through quantile-quantile plots [7]. To construct quantile-quantile plots, data sets were first
interpolated into identical, equally spaced temperature intervals (45-90 °C at 0.1 °C
intervals). Thermograms were integrated and then normalized to 1. Finally, heat capacity
values were plotted in a pairwise fashion to discern differences between thermograms [13].
If there are no differences between groups then the data will fall on the 45° reference line.
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Deviations from this line indicate differences between groups which can be quantitated into
an overall statistical measure such as a p-value. For more quantitative analysis of profiles,
we have calculated a number of shape and feature metrics. Differences in thermogram
metrics between clinical groups were tested for significance using the non-parametric Mann-
Whitney U test for unequal medians [9]. Metrics examined were total peak area; peak
height; peak width at half height; temperature of the peak maximum; heat capacity of the
primary transition in the range 60-65 °C; heat capacity of the secondary transition in the
range 68—72 °C; ratio of the first and second transition amplitudes; and the first moment
temperature, which provides a measure of the distribution of the area of the thermogram
relative to the temperature axis. The first moment temperature (Tgp) Was calculated as:

(T.CE)dT

FM ™ 90 ~eqr
p 45Cp dar

Another approach was to apply a general statistical methodology for quantitative analysis
and classification of thermogram profiles [10]. Two parameters, a distance metric and a
correlation coefficient, were combined to produce a similarity metric which was used to
classify unknown thermograms against sets of reference thermograms.

4. Results and Discussion

4.1. Evaluation of pre-analytical and analytical factors on plasma thermograms

Table 1 shows a large number of studies applying plasma thermograms, as well as
thermograms of other biological samples, as a complementary approach for clinical analysis.
The number of studies and range of diseases examined provides substantial support of the
utility of DSC for diagnostic application. To more rigorously evaluate the diagnostic
potential of DSC, we have evaluated the effect of a number of analytical and pre-analytical
variables on thermograms. We have previously reported that thermograms are unaffected by
freeze-thaw treatment and blood collection protocol, where plasma and serum thermograms
from the same individual were observed to be identical except for the absence of transitions
corresponding to the denaturation of fibrinogen in the serum thermogram [6]. In an
expanded study we have examined a number of pre-analytical variables: sample storage
temperature (=80 °C; —20 °C; 4 °C), time of storage (no storage; 1 week; 2 weeks; 1 month;
3 months; 6 months) and freeze-thaw cycles (no freeze-thaw; 1 freeze-thaw cycle; 2 freeze-
thaw cycles; 3 freeze-thaw cycles). Figure 2 shows that the thermogram profile was
unaffected by these storage and handling variables with the exception of more than short
term storage at 4 °C. We have also evaluated a number of analytical variables: buffer
exchange method (no buffer exchange; buffer exchange column; dialysis), sample dilution
(10-fold; 25-fold; 50-fold; 100-fold), instrument scan rate (1 °C/min; 2 °C/min) and analysis
replicates (one scan; two scans; three scans) [Figures 3 and 4]. Sample dilution and analysis
replicates gave consistent thermogram profiles well within our observed healthy
thermogram standard deviation [5]. Slight changes in profile features were observed with an
increase in instrument scanning rate consistent with kinetic scan broadening effects. Of most
interest, the thermogram profile was unchanged for both a healthy control and disease
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samples with the inclusion of a buffer exchange step (Figures 3 and 4). Buffer exchange, via
either dialysis or buffer exchange columns, is a routine preparation step for DSC studies
deemed necessary given the high sensitivity of current instrumentation to match solvent
conditions in the sample and reference instrument chambers. We employed dialysis in the
plasma thermogram assay to normalize solution conditions for all biological samples
examined, for example, different anticoagulants used for the preparation of blood plasma are
normalized to a standard physiological buffer solution. Figure 4 shows that there is no
difference in either healthy control or disease plasma thermograms in the absence of a buffer
exchange step or inclusion of buffer exchange via either dialysis or buffer exchange
columns. Importantly, our demonstration that there is no thermogram effect between
inclusion and exclusion of dialysis has importance not only for streamlining the workflow of
DSC as a diagnostic platform but also in establishing that disease modulation of the plasma
proteome is robust and maintained through the dialysis step.

Another parameter that should be carefully considered for plasma thermogram analysis is
the normalization step. Changes in both heat capacity and temperature position are observed
in disease modulated thermograms and thus it is essential to include a normalization method
for the diagnostic comparison of thermograms. We have adopted the bicinchoninic acid
microplate assay as a widely accepted protein measurement with suitable accuracy,
throughput and sample consumption. Other approaches might be considered; for example,
absorbance measurements might be faster and more convenient. For any approach, it is
important to have a reproducible method providing consistent normalization of thermograms
and allowing for quantitative comparison and analysis.

4.2. Investigation of biomarker effects on plasma thermograms

An important element to the clinical application of plasma thermograms is to understand the
molecular basis of disease altered thermograms. We have begun to explore the effect of
putative biomarker modifications or interactions on plasma thermograms. As a first step, we
further investigated the dialysis step in the preparation of samples for DSC analysis. If
biomarker interactions were responsible for the observed modulation in plasma thermogram
and these interactions were labile then the thermogram might be changed as a result of the
dialysis step. We employed a five-cell equilibrium dialyzer with each two-chamber cell
separated by the same Snakeskin dialysis membrane we used in our general plasma
preparation procedure. We charged chambers with either disease plasma, control plasma,
HSA or buffer. We compared thermograms of disease plasma and healthy control in the
absence of dialysis and also after dialysis against each other, against buffer or against the
most abundant plasma protein, HSA. Dialysis against HSA was of interest in light of the
high propensity of HSA to interact with many different molecules and its possible role in
biomarker interactions within the plasma proteome, in support of the interactome concept. If
biomarker interactions present in the disease plasma were labile then these biomarkers could
be dialyzed out of the disease plasma chamber and into the neighboring chamber. The result
would be the normalization of the disease plasma thermogram and modulation of the control
plasma profile. Figure 5 shows that the disease thermogram and healthy thermogram are
unchanged under all dialysis conditions examined. These results demonstrate that the
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modifications or interactions associated with disease plasma are robustly represented by
alterations in the thermogram profile.

In discussing the basis of biomarker effects on thermograms, our consideration of the
interactome hypothesis is but one explanation for thermogram changes. The observation of
disease thermogram changes employing our standard protocol of dialysis and 25-fold
dilution argues against the involvement of weak interactions in thermogram modulation.
Interactions involving small peptide or metabolite biomarkers might therefore be less
plausible than more substantial protein-protein networks or other biomarker effects
involving covalent modification of plasma proteins. While it is important to understand the
origin of thermogram changes, it is not essential for use as a diagnostic indicator. As long as
there is a consistent and reproducible signature for a particular disease it need not be
necessary to specify the underlying mechanism that produces the signature. The mechanism
is of great interest, but not essential for practical use of thermogram signatures.

4.3. Analysis of plasma thermograms

Figure 6A compares group thermograms for a healthy and lupus group. The solid lines are
the average thermograms and the shaded areas represent the standard deviations of each
group. The healthy control profile is the average of thermograms from 120 individuals. The
average profile and standard deviation compare well with our early reports [5, 11]. A
composite plot of all 120 healthy control thermograms is shown in Supplemental Material.
Almost all thermograms fall within two standard deviations of the mean with the majority of
thermograms clustered within one standard deviation. We have observed that the variation
within a group of thermograms is much smaller than the normal clinical range for individual
plasma proteins. For example, HSA, has a normal range of 35-50 g/L [12]. The lupus profile
is the average from 297 individual plasma samples obtained from the Lupus Family Registry
and Repository. The standard deviation is comparable to the healthy control group and
similar to what we have observed for other clinical groups. It is immediately apparent that
there are substantial differences between the healthy and lupus groups. The major peak ~ 63
°C is diminished in the lupus group and the thermogram is shifted to higher temperatures.
Construction of a difference plot by subtracting the healthy control thermogram from the
lupus thermogram emphasizes these differences (Figure 6B). There is a large negative
difference peak ~ 63 °C and a smaller positive difference peak in the range 70-80 °C. These
show a decrease in unfolding transition(s) ~ 63 °C and an increase in unfolding transition(s)
in the range 70-80 °C. These observations are in accordance with our deconvolution
analysis which we hypothesize could be associated with the change in unfolding behavior of
HSA as a result of biomarker interactions or modifications. Figure 7A shows the
deconvolution of the average lupus thermogram. This deconvolution shows that the altered
shape arises from a shift in the denaturation of only one component, HSA. Figure 7B shows
the shift in the HSA component to higher temperature and with added complexity. The
multiphasic behavior of the altered HSA thermogram is fully consistent with the behavior
predicted to result from protein-ligand interactions at intermediate degrees of saturation
[30]. Such behavior is predicted by the interactome hypothesis.
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Another way to observe differences between the group thermograms and to quantify the
significance of the difference is through construction of a quantile-quantile plot. To
construct the quantile-quantile plot, the average thermograms are normalized to common
temperature axis and total area and then plotted in a pairwise fashion against each other. If
there is no deviation between groups then the data will fall on the 45° y=x line. Figure 8
shows clear deviation from this line over almost the entire data span indicating substantial
differences between the healthy and lupus profiles across the entire thermogram. The
greatest deviation is observed in the middle of the quantile-quantile plot, consistent with the
major differences observed over the 60—-80 °C envelope in Figure 6. The statistical
significance of difference between thermograms is found using the Kolmogorov-Smirnov
test (http://www.physics.csbsju.edu/stats/KS-test.html). For the data in Figure 8, the
difference is significant at the p < 0.0001 level.

To enhance the analysis of plasma thermograms a number of other analysis procedures have
been employed by our lab and others. Examining specific features of thermograms has
proven useful in discriminating between clinical groups [3, 4, 13, 14, 15]. Figure 9 shows a
Tukey box plot of eight thermogram metrics calculated from individual thermograms within
the healthy and lupus groups. Each parameter exhibited a range of values for each group
with some degree of overlap but there were clear trends in metrics between groups.
Thermogram area decreased for the lupus group. Opposite trends in width and height were
observed, where increased width was associated with decreased height. These parameters
show that the thermogram profiles changed in distribution between the groups. The
temperature of the heat capacity maximum, Ty, increased in the lupus group but exhibited
a wide spread in values as a result of variability in the shapes of thermograms. The healthy
profile is well represented by a primary transition in the range of 60-65 °C and a lower
amplitude secondary transition in the range 68—72 °C. However, in the lupus group, changes
in the thermogram profile result in variability in the position of the major peak and hence a
spread in Ty Values. We conceived the concept of calculating first moment temperature
(Tem) values for thermograms in order to better represent changes in the temperature-
distribution of profiles. The box plot for Ty shows a tighter distribution of values but
smaller differences between groups. Other metrics of interest are the amplitudes of the
primary, lower temperature transition compared with the secondary, higher temperature
transition. Figure 9 shows substantial differences in the lower temperature transition with
virtually no difference in the higher temperature peak. Differences in thermogram metrics
between groups can be tested for significance to identify parameters which can provide
useful discriminatory metrics. We applied the nonparametric Mann-Whitney U test for
unequal medians to examine the statistical significance of parameter differences between the
healthy and lupus groups. Table 2 shows the distribution of parameter values for the groups
and the Mann-Whitney p-values. With the exception of the amplitude of the higher
temperature secondary transition, all parameters showed statistically significant differences
between groups. We have previously shown that the ratio of the transition amplitudes is a
superior discriminator of thermograms between clinical groups [3, 13] and this might
provide a simple metric to apply for thermogram analysis of clinical samples.

To utilize the entire thermogram profile in distinguishing between clinical groups, we have
applied a statistical methodology to compare and classify thermograms according to their
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similarity to reference groups [10]. In this approach, the similarity of a test thermogram and
a reference set are characterized using two factors: (1) differences in vertical scaling at each
temperature point and (2) similarity in shape (similar to the quantile-quantile plot). We have
applied this method to characterize the similarity of the healthy and lupus thermograms. To
test our approach, test healthy and lupus thermograms were compared to a healthy reference
set. Substantial differences in both scaling and shape metrics were observed with relatively
low similarity values obtained for both metrics for the lupus set showing dissimilarity to the
healthy reference set. To further test the method, the healthy and lupus thermograms were
divided into reference and test sets to allow the classification of test thermograms in both
groups against group reference sets. In this way, it is possible to obtain an estimate of
diagnostic performance using the classification method. Our initial results gave 82% correct
classification of healthy test curves and 88% of lupus test curves. This was an encouraging
result suggesting that this approach could have utility for the diagnostic application of
plasma thermograms and it has subsequently been applied as a useful metric for thermogram
comparison by other researchers [4, 15].

4.4. Challenges in the analysis of plasma thermograms

A significant challenge in the DSC analysis of proteins is the exothermic aggregation event
accompanying the thermally-induced irreversible unfolding of “sticky” proteins. This is
substantially reduced in capillary chamber DSC instruments but, nevertheless, is a big
challenge in relatively high concentration and multi-component protein mixtures
encountered in the analysis of plasma. The effects of different sample baseline selection in
DSC has been previously discussed [16] with relatively small effects on unfolding
temperatures but larger effects on thermogram areas. For complex protein mixtures, such as
plasma, appropriate baseline selection is substantially more difficult given unfolding events
and associated unfolding baselines corresponding to each of the component proteins. We
have recently commented on our approach in defining sample baselines during the analysis
of plasma thermograms [3]. Our approach is illustrated by Figure 10 for two example
thermograms after subtraction of a buffer reference scan and normalization to the total
protein concentration of the sample. The pre-transition baseline for plasma thermograms
exhibits a slightly increasing linear slope for which a good fit can be obtained using a linear
baseline. The post-transition is more variable. The two examples here show a post-transition
baseline which follows a similar slope to the pre-transition baseline (top panel) and a
horizontal post-transition baseline different in slope to the pre-transition baseline (bottom
panel). These are but two examples of many hundreds of plasma thermograms collected in
our laboratory. The pre-transition baseline is typically very reproducible, similar to that
shown in Figure 10, whereas the post-transition baseline is highly variable and followed by a
substantial “drop-off” in heat capacity corresponding to aggregation and precipitation events
after protein unfolding. There is a very small area of post-transition baseline which is
challenging to fit.

Sample baseline fitting is a highly subjective and time-consuming part of DSC analysis in
general and perhaps more so for plasma thermogram analysis. We have acknowledged that
our approach in setting a linear baseline is not necessarily the most correct option but we
required a method that could be most consistently applied across the large number of
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thermograms that we have generated. We have evaluated all common baseline setting
options, linear, cubic and progressive (sigmoidal) baselines. We have found that the linear
baseline method behaved the most consistently when tested on repeated measurements,
different samples and by multiple users. We also wanted to employ common analysis
software, Origin 7 (OriginLab Corporation, Northampton, MA), that we routinely use in the
lab and could be used to analyze data sets from different instrument manufacturers from the
beginnings of our thermogram research. In this analysis software, the linear baseline option
could be applied without the need to truncate thermograms or set fitting limits during
analysis to remove the post-transition aggregation drop-off, which was problematic for some
of the other baseline fitting options we evaluated. Although our baseline fitting process is
consistent and reproducible in our hands, this is the most variable part of plasma
thermogram analysis. As DSC is increasingly applied in the analysis of clinical samples,
particularly if DSC is to have a ultimate application in clinical diagnostics, it will be
necessary to address standardization and streamlining of the baseline fitting procedure to
ensure efficiency and reproducibility in analysis across multiple instruments, analysis
platforms and users. This is a challenge that has yet to be addressed.

5. Conclusions

DSC is based on firm thermodynamic principles and is the method of choice for
thermodynamic studies of protein denaturation. The technique has significant utility for the
analysis of complex protein solutions, such as plasma, as a result of its exquisite sensitivity
to the concentration, modifications and binding interactions of components. As a universal
detector of heat changes associated with thermal events, DSC is applicable to the analysis of
a large range of materials. These important properties have been exploited in the emerging
application of DSC for clinical analysis. DSC has been applied to the direct analysis of a
range of clinical samples in a number of different clinical settings. Resultant thermograms
have been shown to demonstrate sensitivity to clinical status and it has been suggested that
DSC could have potential utility as a complementary clinical diagnostic tool. As the field
grows, challenges of clinical DSC analysis lie in demonstrating the reproducible and
sensitive performance of DSC across many platforms, users and clinical settings, as well as
the development of data analysis and interpretation of clinical thermograms.
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Refer to Web version on PubMed Central for supplementary material.
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DsC Differential scanning calorimetry

Tm melting temperature

AH denaturation enthalpy

Trmax temperature of the peak maximum

Tem first moment temperature

Cp™ excess specific heat capacity

HSA human serum albumin

19G immunoglobulin G
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Figure 1.
(A) Average thermogram obtained from 120 plasma samples from healthy, normal

individuals (black). The red curve is the deconvolution including five abundant plasma
proteins. The residual plot (observed minus fit) is shown at the top of the panel. (B).
Thermograms for seven of the most abundant pure plasma proteins. HSA, human serum
albumin; IGG, immunoglobulin G; FIB, fibrinogen; IGA, immunoglobulin A; A2M,
alpha-2-macroglobulin; HAPT, haptoglobin; A1AT, alpha-1-antitrypsin.
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Figure 2.
The effect of sample storage and handling on plasma thermograms. The average of triplicate

scans are shown for initial analysis then after 1 week, 2 weeks, 1 month, 3 months and 6
months of storage. Storage conditions evaluated were: 4°C (black), —20°C with 1 freeze-
thaw cycle (red), —20°C with 2 freeze-thaw cycles (green), —20°C with 3 freeze-thaw cycles
(blue), —80°C with 1 freeze-thaw cycle (cyan), —80°C with 2 freeze-thaw cycles (magenta),
—-80°C with 3 freeze-thaw cycles (orange).
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Figure 3.
The effect of sample dilution, instrument scanning rate, buffer exchange method and

analysis replicates on plasma thermograms. Triplicates at four sample dilutions: 100-fold
dilution (black); 50-fold dilution (red); 25-fold dilution (green) and 10-fold dilution (blue)
are represented in each panel.
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Figure 4.
The effect of the inclusion or exclusion of a buffer exchange method on the healthy and

disease plasma thermogram. Duplicate or triplicate thermograms at both 25-fold (black) and
50-fold (red) dilution are shown in each panel.
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The effect on disease and healthy thermograms in the absence of dialysis or after dialysis
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Figure 6.
(A) Average group thermograms for healthy control and lupus groups. The solid line is the

average thermogram (healthy, black line; lupus, red line) and the shaded area (healthy, gray
shading; lupus, magenta shading) is the standard deviation at each temperature. (B)
Difference plot between average thermograms of lupus and healthy control groups.
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(A) Average thermogram (black) for 297 plasma samples from lupus patients. The
deconvolution using the same component protein concentrations used in Figure 1 except for
an altered shape for HSA is shown. (B). Comparison of the normal and diseased HSA
component shapes.
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Figure 8.
Quantile-quantile plot comparing the healthy control group and the lupus group. The 45°

line indicates no difference between groups.
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Tukey box plots of thermogram shape and feature metrics for the healthy control (black) and
lupus (red) groups. A summary of statistical analyses of these parameters is shown by Table
2. In each box plot, the median value is indicated by the horizontal line within the box; the
25t and 75t percentiles are indicated by the lower and upper box edges, respectively. The
mean value is indicated by the square within the box. The upper and lower “whiskers”
define the 95t and 5t percentiles, respectively. The 99t and 15t percentiles are shown by
the crossed symbols and the horizontal lines denote the minimum and maximum of the data

set.
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Figure 10.
Examples of linear baseline selection during plasma thermogram analysis.
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Summary of publications describing the application of DSC analysis of biofluids for clinical diagnostics

Authors (Year) Clinical Clinical setting Reference
sample
Garbett et al. (2006) Plasma Healthy controls, Lyme disease [17]
Garbett et al. (2007) Serum Coronary artery disease [8]
Garbett et al. (2007) Plasma Healthy controls, Cervical cancer, Lyme disease, Systemic lupus [6]
erythematosus, Rheumatoid arthritis
Garbett et al. (2008) Plasma Healthy controls, Lyme disease, Systemic lupus erythematosus, [5]
Rheumatoid arthritis
Garbett et al. (2009) Plasma, Serum Healthy controls, Endometrial cancer, Amyotrophic lateral sclerosis, [11]
Lung cancer, Ovarian cancer, Lyme disease, Systemic lupus
erythematosus, Rheumatoid arthritis, Melanoma, Cervical cancer
Fish et al. (2010) Plasma, Serum Healthy controls, Systemic lupus erythematosus [10]
Michnik et al. (2010) Serum Healthy controls, Chronic obstructive pulmonary disease [18]
Chagovetz et al. (2011) Cerebrospinal fluid Glioblastoma multiforme, non-glioma neoplastic controls [19]
(carcinomatosis meningitis, CNS lymphoma or leukemia), non-
neoplastic controls (head trauma, hydrocephalus, CSF leak)
Zapf etal. (2011) Plasma Healthy controls, Breast cancer [20]
Ferencz et al. (2011) Plasma Healthy controls, Melanoma [21]
Michnik (2011) Serum Healthy controls, Chronic obstructive pulmonary disease [22]
Todinova et al. (2011) Serum Healthy controls, Multiple myeloma [14]
Wisniewski et al. (2011) | Plasma, Serum Healthy controls, Myositis, Rheumatoid arthritis, Systemic lupus [23]
erythematosus, Scleroderma, Cervical cancer, Melanoma, Lung
cancer
Fekecs et al. (2012) Plasma Healthy controls, Melanoma [24]
Todinova et al. (2012) Plasma Healthy controls, Colorectal cancer, Gastric cancer, hon-cancerous [15]
inflammation controls
Mehdi et al. (2013) Plasma Healthy controls, Psoriasis [25]
Rai et al. (2013) Plasma Healthy controls, Cervical cancer [26]
Chagovetz et al. (2013) Digested brain tumor tissue | Normal brain tissue controls, Brain tumor tissue [27]
Krumova et al. (2013) Serum Schizophrenia [4]
Michnik et al. (2013) Serum Athletes [28]
Garbett et al. (2013) Plasma Renal function in type 1 diabetes [13]
Moezzi et al. (2014) Plasma Healthy controls, Psoriasis [29]
Garbett et al. (2014) Plasma Healthy controls, Cervical cancer [3]
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