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ABSTRACT: The behavior of biomolecules as a function of the solution temperature is often crucial to assess their biological 
activity and function. While heat-induced changes of biomolecules are traditionally monitored using optical spectroscopy 
methods, their conformational changes and unfolding transitions remain challenging to interpret. In the present work, the 
structural transitions of bovine serum albumin (BSA) in native conditions (100 mM aqueous ammonium acetate) were 
investigated as a function of the starting solution temperature (T = ~23-70 °C) using a temperature-controlled nano-
electrospray ionization source (nESI) coupled to a trapped ion mobility spectrometry – mass spectrometry (TIMS-MS) 
instrument. The charge state distribution of the monomeric BSA changed from a native-like, narrow charge state ([M + 
12H]12+ - [M + 16H]16+ at ~23 °C) and narrow mobility distribution towards an unfolded-like, broad charge state (up to [M + 
46H]46+ at ~70 °C) and broad mobility distribution. Inspection of the average charge state and CCS distribution suggested 
a two-state unfolding transition with a melting temperature Tm ~56 ± 1 °C;  however, the inspection of the CCS profiles at 
the charge state level as a function of the solution temperature showcase at least six structural transitions (T1-T7). If the 
starting solution concentration is slightly increased (from 2 to 25 µM), this method can detect non-specific BSA dimers and 
trimers who dissociate early (Td ~34 ± 1 °C) and may disturb the melting curve of the BSA monomer. In a single experiment, 
this technology provides a detailed view of the solution, protein structural landscape (mobility vs solution temperature vs 
relative intensity for each charge state). 

 Globular proteins are known to adopt folded, 
compact structures in their native states. The native 
state(s) can be altered by chaotropic agents1-3 (e.g. 
guanidinium chloride) as well as changes in pH,1, 4, 5 
organic solvent1, 6 and temperature.1, 7, 8 These 
conformational changes are traditionally monitored in 
solution using a variety of technique such as, 
calorimetry,9, 10 fluorescence,11, 12 circular dichroism13, 14 
and nuclear magnetic resonance.15, 16  

 Mass spectrometry has demonstrated the ability to 
follow protein solution structural changes based on the 
changes in the charge state distributions (e.g., induced by 
changes in pH and/or organic solvent conditions).17-19 In 
addition, the capability to control the solution 
temperature prior to ESI-MS has allowed to investigate 
thermally induced protein structural changes.20-25 ESI-MS 
has provided a description of the ensemble average 
structure; while a protein thermal denaturation typically 
involves several intermediate structures. Moreover, ESI-
MS when complemented with ion mobility spectrometry 
(ESI-IMS-MS), provides a more detail description of the 
protein conformational changes as a function of the 
starting molecular environment.26-35 Recent IMS-MS 
reports have shown the advantages of changing the 
molecular environment in solution (e.g., pH26-29 and 

organic content30-34) and in the gas phase (e.g., 
introducing bath gas modifiers33-35) as a way to sample the 
conformational landscape. Thermal sampling of the 
protein starting solutions has demonstrated to be 
powerful in understanding structural transitions and 
stability of biomolecules.36-43 The advantage of the 
evaporative cooling of the solvent during the ESI process 
results in the freezing of intermediate states accessible at 
different solution temperatures. Thermal sampling 
followed by ESI-IMS-MS provides crucial insights on the 
protein structural landscape. 

 In the present work, for the first time, a temperature-
controlled nano-ESI source was coupled to second 
generation trapped ion mobility spectrometry – mass 
spectrometry (TIMS-TOF MS) instrument for the study 
of bovine serum albumin (BSA, 66 kDa) solution 
structural landscape. The high trapping efficiency and 
extended mass range of the convex electrode TIMS 
geometry44-46 enabled the inspections of native BSA at 
low charge states (+12 to +16) as well as non-specific BSA 
dimers and trimers from relatively low solution 
concentrations. In the following discussion, a special 
emphasis is placed on the TIMS-MS capability to follow 
structural changes of BSA as a function of the starting 
solution temperature (~23-70 °C) based on the mobility 
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profiles at the charge state level. The observation of 
several solution intermediate structures before reaching 
the unfolded state is described.  

EXPERIMENTAL SECTION 

 Materials and Reagents. Bovine serum albumin 
(BSA, 66 kDa) was obtained from Sigma-Aldrich (Saint-
Louis, MO). Ammonium acetate (NH4Ac) was purchased 
from Fisher Scientific (Pittsburgh, PA). BSA solutions 
were analyzed at two concentrations (i.e., 2 µM and 25 
µM in 100 mM aqueous NH4Ac). Low concentration 
Tuning Mix standard (G1969-85000) was used for 
mobility and mass calibration purposes and obtained 
from Agilent Technologies (Santa Clara, CA). 

 Temperature Dependent Electrospray 
Ionization. Nano-ESI (nESI) emitters were pulled from 
quartz capillaries (O.D. = 1.0 mm and I.D. = 0.70 mm) 
using Sutter Instruments Co. P2000 laser puller (Sutter 
Instruments, Novato, CA). The starting solution 
temperatures of the nESI emitters were controlled using 
a custom-made variable temperature emitter holder 
(Figure S1). The pulled glass capillaries were housed in a 
thermally conductive aluminum holder equipped with a 
resistive heater and a K-type thermocouple (± 1 °C). The 
entire apparatus was brought to temperature by 
increasing the heater temperature (~23-70 °C) under a 
constant flow of nitrogen. A voltage of 700- 1200 V 
relative to the instrument inlet was applied via a tungsten 
wire inserted into the nESI emitters. Data were obtained 
using a short temperature gradient (0.13-0.22 oC/s, Figure 
S2) and the resulted temperatures represent an average 
every 2-3 °C. The IMS-MS signal was summed at a rate of 
7-15 measurements/second depending on the 
temperature gradient, such that 100 IMS-MS acquisitions 
per temperature point were recorded. 

 TIMS-MS Instrumentation. Ion mobility 
experiments were performed on a custom built nanoESI-
TIMS coupled to an Bruker Impact Q-ToF mass 
spectrometer (Bruker Daltonics Inc., Billerica, MA, Figure 
S1).47 Briefly, the ion mobility separation in a TIMS device 
is based on holding the ions stationary using an electric 
field (E) against a moving buffer gas (Figure S1).48 In the 
present design, the TIMS analyzer section is composed of 
a convex, quadrupolar electrode geometry, as described 
elsewhere.44 The TIMS unit is controlled by an in-house 
LabView software (National Instruments) and 
synchronized with the TOF MS platform controls.47 
TIMS-MS experiments were carried out using nitrogen 
(N2) as buffer gas, at ambient temperature (T). The gas 
velocity was kept constant between the funnel entrance 
(P1 = 2.6 mbar) and exit (P2 = 1.1 mbar, Figure S1) 
regardless of the starting solution temperatures. An rf 
voltage of 250 Vpp at 450 kHz was applied to all 
electrodes. Ions were “softly transferred” from the nESI 

source and injected into the TIMS analyzer to avoid 
potential activation. A low ΔV (ΔV = 20 V) between the 
deflector (Vdef) and the funnel entrance (Vfun) as well as 
between the funnel entrance and the TIMS analyzer 
(Vramp) was used to generate native-like mobility 
distributions (Figure S1). A Vdef of -100 V, a Vfun of -120 V, 
base voltage (Vout) of 60 V for a Vramp at −140 to -40 V were 
used for all experiments. The scan rate was 0.95 V/ms. 
These “soft” ion transmission and trapping conditions 
guarantee native TIMS measurements.49  

 CCS determination from TIMS-MS experiments. 
The general fundamentals of TIMS as well as the 
calibration procedure have been described in the 
literature.50-53 Briefly, TIMS separation depends on the 
gas flow velocity (vg), elution voltage (Ve), ramp time 
(tramp) and base voltage (Vout). The reduced mobility, K0, 
is defined by: 

𝐾0 =  
𝑣𝑔

𝐸
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𝐴
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where, A is a constant related to the velocity of the bath 
gas (vg) define by P1 and P2 and the TIMS geometry. The 
total analysis time (tTotal) is given by: 
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(2), where, ttrap is the thermalization/trapping time, tof is 
the time after the ion mobility separation, and Vramp and 
tramp are the voltage range and time required to vary the 
electric field, respectively. The elution voltage (Ve) is 
experimentally determined by varying the ramp time for 
a constant ramp voltage. A linear dependence of tTotal with 
tramp for all the investigated m/z was obtained. From the 
slope and the intercept of this graph, to and Ve can be 
determined for each m/z range of interest. Reduced 
mobility values (K0) were correlated with collision cross 
section (Ω, Å²) using the Mason-Schamp equation: 
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where, z is the charge of the ion, kB is the Boltzmann 
constant, N* is the number density of the bath gas and mi 
and mb refer to the masses of the ion and bath gas, 
respectively.54 

RESULTS AND DISCUSSION 

 Charge state distribution dependence on starting 
solution temperature. The mass spectrometry analysis 
of BSA at 2 µM under native starting solution conditions 
(i.e., 100 mM NH4Ac at ~23 °C) exhibited a narrow charge 
state distribution centered at 14+ (Figure 1a), ranging 
from [M + 12H]12+ to [M + 16H]16+. A dependence of the 
charge state distribution with the starting solution 
temperature was observed (Figures 1a and 1b). As the 
starting solution temperature increases, the charge state 
distribution remained unchanged until ~50 °C, from 
where a shift toward higher charge states was observed  
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Figure 1. Typical mass spectra of BSA at (a) 2 µM (monomer) and (c) 25 µM (non-specific oligomers) in 100 mM NH4Ac as 
a function of the starting solution temperature. Heat map of the charge states as a function of the starting solution 
temperature for BSA at (b) 2 µM and (d) 25 µM in 100 mM NH4Ac. The weighted average charge state (black traces) as a 
function of the starting solution temperature is shown with a Tm = 56 ± 1 °C for the BSA at 2 µM (b) and a Td = 34 ± 1 °C and 
Tm = 55 ± 1 °C for the BSA at 25 µM (d).

(Figure 1a). At ~55 °C, a more drastic change in the charge 
state distribution was obtained reflected by the presence 
of an additional envelop of charge states centered at 36+ 
(Figures 1a and 1b). Beyond ~55 °C, a significant increase 
in the relative abundance of the second envelop of charge 
states (36+) was observed while the population of the 
native-like lower charge states diminished (Figures 1a and 
1b). Overall, the higher charge states were favored when 
increasing the starting solution temperatures, for which 
the [M + 46H]46+ was the highest observed charge state. A 
stable nESI signal above ~70 °C was difficult to obtain. 

The shift in the charge state distribution can be related to 
structural changes in the BSA protein structure with the 

increase in the starting solution temperature leading to 
denaturing processes where basic sites become accessible 
for ionization.55, 56 A plot of the weighted average charge 
state as a function of the starting solution temperature is 
shown in Figure 1b illustrating the BSA observations at 2 
µM: a single sigmoidal curve (black trace), resembling a 
typical cooperative two-state unfolding transition37 with 
a melting temperature Tm ~56 ± 1 °C (Figure 1b). The 
measured experimental Tm is in good agreement with 
calorimetry measurements (Tm = 56 °C).57 A slight 
increase in the weighted average charge state was 
observed near 70 °C; however, instabilities of the nESI 
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sprayer did not allowed to confirm the second transition 
reported at Tm = 69 °C.57 

 When the same experiment is performed with BSA at 
25 µM under native starting solution conditions (i.e., 100 
mM NH4Ac), BSA oligomers are observed, an BSA 
monomer envelope of higher charge states (+36) appears 
at ~33 °C, and substantially increases in relative intensity 
with the temperature increase (Figures 1c and 1d). The 
weighted average charge state plot gave rise to a double 
sigmoidal curve, with two midpoints representing: i) the 
BSA oligomer-dissociation temperature Td = ~34 ± 1 °C 
corresponding to the dissociation into monomers of 
higher order BSA oligomers (e.g., dimers and trimers), 
and ii) the monomeric BSA Tm = ~55 ± 1 °C which 
highlights the average passage of the native-like states 
toward the unfolded-like states of BSA (Figure 1d). 

 CCS distribution dependence with the starting 
solution temperature. The IMS-MS experiments 
provide an overview on thermally induced BSA structural 
changes since only the starting solution temperature was 
varied. Ions were “softly transferred” into the TIMS 
analyzer to structural changes via collisions with the bath 
gas by keeping a low ΔV (ΔV = 20 V) between the 
deflector (Vdef) and the funnel entrance (Vfun), as well as 
between the funnel entrance and the TIMS analyzer 
(Vramp); these conditions allow for native-like TIMS 
measurements. The high trapping efficiency and 
extended mass range of the second generation TIMS-MS 
instrument with a convex, quadrupolar electrode 
geometry,44 enabled the trapping of native-like BSA 
species at low charge states (+12 to +16). The TIMS 
profiles of each charge state (+12 to +16) exhibited a single 
IMS band centered at ~ 4500 Å² (Figure S3a), indicating 
that these charge state species correspond to compact 
structures. In addition, the measured CCS were found 
consistent with previously reported CCS values using a 
drift tube IMS.58, 59 

 Figures 2a-2d display the overall collision cross 
section (CCS) profiles, which result from the sum of all 
the observed charge states of BSA. The TIMS profiles of 
each charge state can be found in Figure S4 for the case 
of a starting solution temperature at ~63 °C, for which all 
the charge states are obtained (12+ to 46+). The charge 
state distribution dependence with the starting solution 
temperature was accompanied by changes in the TIMS 
profiles toward higher CCS (Figures 2a-d). In fact, an 
increase in relative intensity of more unfolded 
conformations were observed when increasing the 
starting solution temperature. These IMS profiles 
confirm that increasing the starting temperature induces 
conformational changes toward more extended 
structures while the relative abundance of the native-like 

conformations was unfavored at high temperature 
(Figures 2a-d). The weighted average CCS as a function of 
the starting solution temperature showed a similar 
profile to that obtained using the charge state 
distribution, where a Tm ~56 ± 1 °C (Figure 2c) was 
obtained for the BSA monomer at low concentration (2 
µM), and a Td ~34 ± 1 °C and Tm = ~55 °C ± 1 °C for the BSA 
monomer a slightly higher concentration (25 µM) due to 
the presence of non-specific oligomers (Figure 2d). 

 More detailed BSA structural changes can be follow at 
the charge state and mobility level (Figure S5). These 
plots revealed relatively similar trends for the 12+ to 14+, 
15+ to 16+, 17+ to 26+ and 27+ to 46+ (Figure S5) states. 
Figures 2e and 2f display the sum profiles in relative 
abundance of the 12+ to 14+ (black squares), 15+ to 16+ 
(magenta diamonds), 17+ to 26+ (red circles) and 27+ to 
46+ (blue triangles) charge states at 2 µM and 25 µM BSA, 
respectively.  

 For the 2 µM BSA solution, the relative abundance of 
the native-like states (12+ to 14+) started to decrease 
around ~28 °C, while the populations of the 15+ and 16+ 
increased (Figure 2e). The same trend but less 
pronounced was observed until ~51 °C, where both 12+ to 
14+ and 15+ to 16+ decreased while the populations of 
more extended states (17+ to 26+) increased (Figure 2e). 
At ~57 °C, a substantial increase of more extended 
conformations (27+ to 46+) was observed (blue trace in 
Figure 2e). These plots led to the observation of several 
structural transitions: (1) at ~27 °C which highlights the 
passage from the native-like states (12+ to 14+) to a first 
native intermediate (15+ to 16+) with similar CCS that 
become more favored; (2) at ~37 °C, a second native 
intermediate is observed which still displays similar CCS 
but with a slight broadening in the IMS profiles; (3) at ~51 
°C, which highlights the passage from the native 
intermediates to more extended structures (17+ to 26+); 
(4) at ~57 °C, which highlights the passage from the 
extended conformations to the unfolded states (27+ to 
46+) with higher CCS; Finally, two new transitions at (5) 
~62 °C and (6) ~66 °C were observed corresponding to the 
most thermally stable structures of the unfolded states.  

 For the 25 µM BSA solution, similar trends in relative 
abundance with respect to the 2 µM BSA were observed 
for the 12+ to 14+ and 15+ to 16+ (Figure 2f). However, an 
increase of the 17+ to 26+ and 27+ to 46+ was obtained at 
~27 °C and near Td, respectively (Figure 2f). These plots 
suggest that the presence of oligomers may have an 
impact on the determination of melting temperatures as 
well as on the assignment of unfolding transitions as the 
dissociation of oligomers may produce monomers with 
more extended structures than those expected at that 
solution temperature. 
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Figure 2. Typical summed mobility spectra (all charge states) of BSA at (a) 2µM and (b) 25 µM as a function of the starting solution 
temperature. Heat map of the CCS as a function of the starting solution temperature for BSA at (c) 2 µM and (d) 25 µM. The 
weighted average CCS (black traces) as a function of the starting solution temperature showing a Tm = 56 ± 1 °C for the BSA 
monomer (c) and a Td = 34 ± 1 °C and Tm = 55 ± 1 °C in the presence of BSA non-specific oligomers (d), respectively. Plot representing 
the relative abundances of the 12+ to 14+ (black squares), 15+ to 16+ (magenta diamonds), 17+ to 26+ (red circles) and 27+ to 46+ 
(blue triangles) charge states of BSA at (e) 2 µM and (f) 25 µM as a function of the starting solution temperatures. 

 

 The IMS profiles generated from the 2 µM BSA 
solution during native solvent conditions did not showed 
additional features with the increase of the starting 
solution temperature. For example, the TIMS profiles of 
the native-like ions (e.g., [M + 14H]14+ ions) consisted of a 
single, narrow IMS band at ~ 4500 Å² and only exhibited 
a decrease in relative abundance with the temperature 
increase (Figure 3a). However, most of the TIMS profiles 
of higher charge states showed more broad and 
heterogeneous mobility profiles accompanied by changes 
in their relative abundances with the starting solution 
temperature increase. For example, the CCS distribution 
of the [M + 25H]25+ ions at 23 °C presented a broad IMS 
distribution with at least three distinct features (IMS 
bands 1-3, Figure 3b). The total abundance of the [M + 
25H]25+ ions remained relatively unchanged from 33 to 70 

°C, while the IMS profile exhibited a conformational shift 
toward higher CCS values. As the temperature increased 
close to Td (~ 33 °C), a change in the relative intensity was 
observed between IMS bands 2 and 3, for which the IMS 
band 3 (higher CCS) become more abundant than the 
IMS band 2 (Figure 3b). In addition, the IMS band 3 
remained predominant until approaching Tm (~ 53 °C), 
where the IMS band 4 was more favored. The changes 
close to Td (~ 33 °C) include the contribution of the 
thermally dissociated dimer and trimer into monomer 
species. Inspection of the IMS profiles shows that rather 
than dissociating into a native like structure, the 
oligomers dissociate to a more extended structure (e.g., 
IMS band 4); these is in good agreement with the shift 
toward higher charge states observed at Td. The IMS band 
4 was the most abundant conformation from Tm to 70 °C. 
Note that two additional features at higher CCS (IMS 
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bands 5 and 6) were also observed with the solution 
temperature increase (Figure 3b). These observations 
describe the minimum number of structural 
intermediates involved in the transition from native to 
unfolded states of BSA. 

 The IMS profiles of the [M + 38H]38+ ions, which are 
part of the unfolded states of BSA and only obtained near 
Td, did not exhibit additional features when increasing 
the starting solution temperature (Figure 3c). However, 
the CCS distributions, for which a broad IMS distribution 
including at least six distinct conformations (IMS bands 
A-F), also showed changes in the relative abundance 

favoring higher CCS with the starting solution 
temperature increase (Figure 3c). The IMS band C was 
predominant around Td, while the IMS band D with 
higher CCS was favored above Td at 43 °C (Figure 3c). The 
IMS band D remained predominant until reaching Tm (~ 
53 °C), where the IMS band E was more favored. The IMS 
band E was found the most abundant conformation as the 
temperature increased above Tm (Figure 3c). These 
observations also support the hypothesis that multiple 
structural intermediates are present and provides a 
minimum number of transitions. The reproducibility of 
these structural transitions was confirmed during 
replicate experiments (Figure S6). 

 

Figure 3. TIMS-MS analysis showing the CCS profiles at selected starting solution temperature and 3D free energy protein 
landscape (mobility vs solution temperature vs relative intensity) as a function of the protein charge state for the (a) [M + 14H]14+, 
(b) [M + 25H]25+ and (c) [M + 38H]38+ ions. The colored dashed line illustrated the position of the identified IMS bands. 

 Non-specific BSA oligomer dependence with the 
starting solution temperature. The BSA 25 µM 
concentration solution condition also resulted in the 
presence of non-specific dimeric and trimeric species of 
BSA in native starting solution conditions (i.e., 100 mM 
NH4Ac at 23 °C, Figure S3a). In fact, TIMS-MS analysis for 
BSA oligomers exhibited a narrow charge state 
distribution, ranging from [2M + 20H]20+ to [2M + 23H]23+ 

and [3M + 26H]26+ to [3M + 29H]29+, for BSA dimers and 
trimers, respectively. The TIMS-MS experiments of BSA 

dimers and trimers displayed a charge state distribution 
dependence with increasing the starting solution 
temperatures that was different from the one observed 
for the monomeric species. While the same charge state 
distribution was observed when increasing the starting 
solution temperature, only a sharp decrease in the 
relative abundance was obtained for BSA dimers (Figure 
4a) and trimers (Figure 4b) relative to their dissociation 
into monomeric species at Td. The signal of BSA dimers 
and trimers completely disappeared as the starting 
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solution temperature was raised near the BSA monomeric 
Tm. These curves typically resembled to a cooperative 
two-state melting transition,37, 60 yielding a Tm at ~ 33 °C 
(± 1 °C) and ~ 35 °C (± 1 °C) for both BSA dimers and 
trimers, respectively (Figure 4) These two melting points 
are within the error of the oligomer-dissociation 
temperature Td observed in the BSA monomeric 
distribution. 

 The IMS profiles of the BSA dimers (Figure S3b) and 
trimers (Figure S3c) presented a single IMS band for all 
the charge state observed. In the solution temperature 
range studied, no changes in the CCS distribution were 
observed. This result suggests that rather than inducing 
a non-asymmetric conformational change at the 
constituent level in the oligomer, the system is 
thermalized leading to the rupture of the intermolecular 
i n t e r a c t i o n s  t h a t  s t a b i l i z e  t h e  o l i g o m e r s .  

Inspection of the 3D free energy protein landscape 
(mobility vs solution temperature vs relative intensity) as 
a function of the charge state (Figure 4) showed a very 
narrow landscape profile fort the case of dimer and trimer 
as expected. In the case of the presence of oligomers, one 
of the main conclusions is that weak oligomer interaction 
can affect the monitoring of the monomer BSA melting 
experiment by introducing an early inflection point, not 
relative to the monomer but to the dissociation of the 
oligomers (as shown in Figures 1d, 2d and 2f). This 
observation is common to any IMS-MS instrumentation 
that does not have pre-selection prior to the mobility 
analyzer. It is known that weakly bound oligomers can 
easily dissociate into monomers in the IMS-MS interface 
and they will be observed as monomers in the MS, but 
they will be recorded in the IMS profiles as oligomers, 
potentially introducing artifacts in the analysis. The 
present example shows that proper tuning of the TIMS-
MS allows to differentiate the two cases. While it was 
illustrated for the case of a homo- dimer and trimer, 
future work will be applied to the screening of weakly 
bound protein-ligand and protein-protein complexes.  

CONCLUSION 

A variable temperature nESI source was coupled for the 
first time to a trapped ion mobility spectrometry - mass 
spectrometry for the study of solution based thermally 
induced transitions. The high speed of the IMS-MS 
acquisition (e.g., ~100-200 ms per analysis) allows to 
efficiently sample a solution temperature gradient (~23-
70 °C in few of minutes). A good correspondence was 
observed between the trends observed in the IMS and MS 
domain; i.e., the Tm measure from the average charge and 
CCS distributions suggested a two-state unfolding 
transition with a melting temperature Tm ~56 ± 1 °C;  
however, the inspection of the CCS profiles at the charge 

state level as a function of the solution temperature 
showcase at least six structural transitions (T1-T7). 

 

Figure 4. TIMS-MS analysis showing a plot of the relative 
abundances of the sum of all charge states and CCS profiles 
at a specific charge state as a function of the temperature for 
the (a) dimeric and (b) trimeric species of BSA. 
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If the starting solution concentration is slightly increased 
(from 2 to 25 µM), this method can detect non-specific 
BSA dimers and trimers who dissociate early (Td ~34 ± 1 
°C) and may disturb the melting curve of the BSA 
monomer. 

The TIMS-MS experiments provide additional 
information about the complexity associated with a 
thermally induced transition involving many states, 
which can be dissected at the level of charge state and 
IMS band. These experiments enabled us to outline a 
more detailed description of the structural landscape 
associated with a protein denaturing process in solution. 
While this work focuses on the case of a single protein, 
this technology could be easily translated to the study of 
protein-ligand and protein-protein complexes in 
solution. 
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