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Abstract: We established an extension of Microscale 1 
Thermophoresis (MST) to measure binding kinetics together with 2 
binding affinity in a single experimental run, by increasing the thermal 3 
dissipation of the sample. After the switch-off of an IR laser, that 4 
locally heated the sample, the temperature re-equilibrated within 5 
250 ms. The kinetic relaxation fingerprints were extracted from the 6 
fluorescence changes back to thermodynamic equilibrium. We 7 
measured DNA hybridization on-rates and off-rates in the range 8 
between 104-106 M-1s-1 and 10-4-10-1 s-1, respectively. We observed 9 
the expected exponential dependence of the DNA hybridization off-10 
rates on salt concentration, strand length and inverse temperature. 11 
The measured on-rates showed a linear dependence on salt and 12 
weak if no dependence at all on length and temperature. For biological 13 
binding reactions with sufficient enthalpic contributions, Kinetic MST 14 
offers a robust and immobilization-free determination of kinetic rates 15 
and binding affinity and also in crowded solutions. 16 

Introduction 17 

Binding processes of biological molecules play a 18 
fundamental role in almost all facets of living matter. The 19 
dissociation constant 𝐾𝑑 =  𝑘𝑜𝑓𝑓 𝑘𝑜𝑛⁄  characterizes the affinity of 20 
a binder-ligand system and has been extensively studied in many 21 
research fields.[1–4] Kd are usually determined by the analysis of 22 
equilibrated states of binder-ligand systems.[5] The measurement 23 
of the underlying kinetic association and dissociation rates kon (on-24 
rate) and koff (off-rate) requires the transition from a non-25 
equilibrium state towards equilibrium. The knowledge of the 26 
kinetic rates provides a more thorough understanding of binding 27 
processes, as they characterize the forming (on-rate dependent), 28 
stability and unbinding (off-rate dependent) of the bound complex. 29 
Biomolecular on-rates range from 103 to 109 M-1s-1 and off-rates 30 
from 10- 5 to 1 s-1.[6] The knowledge of the on-rate and off-rate of a 31 
binder-ligand complex thus can improve the dosation and 32 
frequency of drug intake. However, the quantification of kinetic 33 
rates has not received as much attention as the binding 34 
constant.[7,8] 35 

Kinetic rates of binder-ligand systems are experimentally 36 
accessible by measuring the time-resolved transition from the 37 
unbound state towards the fully bound state.[5] During this 38 
transition, the change in concentration of bound and unbound 39 
complexes, is governed by the kinetic rates.[8] Consequently, an 40 
experimental setup to measure kinetic rates not only needs to be 41 
capable of detection of binding but also needs to allow for time-42 
resolved measurement of transition between the states. Thereby, 43 
the deflection from equilibrium can be done by rapid mixing of the 44 

reactants, or rapid temperature jumps. Both approaches have 45 
advantages and disadvantages which are decisive for the 46 
respective applications. 47 

To provide fast mixing, many methods of measuring the 48 
kinetic rates by rapidly mixing the reactants rely on the 49 
immobilization of one of the reactants. The immobilized binder is 50 
then exposed to the ligand for a defined period and the 51 
subsequent binding is recorded, e.g. by surface-plasmon 52 
resonance measurements (SPR),[9] nanotube-biosensors  53 
biolayer interferometry (BLI)[10] and stopped flow fluorescence 54 
spectroscopy.[5,11] SPR and BLI benefit from label-free detection, 55 
real-time data acquisition as well as their independence on 56 
temperature-related characteristics, i.e. a temperature to deflect 57 
the system out of equilibrium. Immobilization-based methods that 58 
apply electric potentials to expose the ligand and the binder are 59 
e.g. aptamer-analyte interactions.[12] However, due to 60 
immobilization, the chemical and physical properties of the 61 
reactant can undergo changes, possibly changing the 62 
conformation and stability of the reactants.[13] Further, the binding 63 
event could be inhibited,[14] e.g. the binding site could be 64 
inaccessible due to random orientation of the attached molecule 65 
to surface.[15] Also the strength of the binding could be 66 
overestimated due to underestimated slow off rates, an effect 67 
reported for in SPR.[1,16] The use of immobilization techniques 68 
offers suitable characterization for interactions near or on 69 
surfaces.   70 

However, physiological interactions take place in free or 71 
crowded solutions. Experimental methods which access kinetic 72 
rates under such conditions  – without immobilizing one of the 73 
reactants – are fluorescence anisotropy (FA),[17] fluorescence 74 
correlation spectroscopy (FCS), Förster Resonance Transfer 75 
(FRET)[18] and fluorescence quenching (coupled to stopped-flow 76 
technique)[19] among others.[20] Drawbacks of these methods are 77 
the requirement of comparatively large changes in conformation 78 
upon binding and the labeling of at least one of the reactants with 79 
a fluorescent dye. The attached fluorescent label also possibly 80 
changes the behavior of the binding properties of the molecule.[21] 81 

This work presents a novel method called Kinetic 82 
Microscale Thermophoresis (KMST) to access kinetic reaction 83 
rates immobilization-free, purely optical and in bulk. KMST is a 84 
natural extension to the established and often used method of 85 
Microscale Thermophoresis (MST).[22–27] MST utilizes the binding-86 
dependent intensity change of fluorescently-labeled molecules in 87 
microscopic temperature gradients to measure binding affinities 88 
and can further detect minute changes in conformation, charge, 89 
size of molecule, as they are induced by a binding event, 90 
enzymatic activities and modifications of proteins and nucleic 91 
acids.[21] By increasing the thermal dissipation of the sample-92 
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containing capillary (Fig.1) an MST setup incorporates the 93 
technique of temperature jumps. Appropriate treatment of the 94 
temperature-related, bleaching, diffusion, thermophoretic and 95 
kinetic contribution to the fluorescence signal (Fig.1 a & Fig.2) 96 
allows for determination of the binding affinity and the kinetic rates 97 
in a single experimental run (Fig.3). We show that the relaxation 98 
speed 𝜏𝑘𝑖𝑛𝑒𝑡𝑖𝑐

−1  can be detected in the range from 0.01 to 0.5 s-1, 99 
enabling for measurements of kon between 104 and 106 M-1s-1 and 100 
koff between 10- 4 and 0.1 s-1. To demonstrate the method’s 101 
effectiveness, we systematically measured the kinetic 102 
hybridization rates for fully-complementary DNA strands between 103 
10bp and 16bp under various buffer conditions (Fig.4 & 5): the off-104 
rates showed exponential dependence on strand length, 105 
temperature and salt concentrations. The on-rates showed weak 106 
dependence on strand length and temperature and linear 107 
dependence on salt concentration. Moreover, an analysis of the 108 
temperature dependence of the kinetic rates shed light into the 109 
hybridization mechanism of DNA and summarized the 110 
determinants of DNA binding. Finally, we show that with KMST 111 
the hybridization of DNA in crowded solutions can be determined 112 
with only minor loss of accuracy. 113 

Results and Discussion 114 

Binding kinetics from Kinetic Microscale 115 
Thermophoresis 116 

A KMST setup was obtained by modifying a conventional 117 
MST setup (Nanotemper Monolith(R) NT.115Pico) by placing the 118 
sample containing capillary on a silicon plate and immersing with 119 
oil, see Fig.1 a & b. The fluorescence excitation/detection unit of 120 
the NT.115 Pico measured the fluorescence intensity change 121 
over time in a localized spot of the sample, see Fig.1 b. Through 122 
the same objective as the fluorescence detection unit, an infrared 123 
laser with an emission wavelength of 1480 nm was focused on 124 
the center of the capillary to create a temperature gradient within 125 
the capillary for a defined time period. The strong thermal coupling 126 
provided quick formation and reduction of the temperature 127 
gradient in less than 250 ms, see SI.Fig.1. Averaged over the 128 
volume, the temperature gradient spanned about 10 K and led to 129 
convection and thermophoretic movement of the binder and the 130 
ligand,[1] see SI-1. 131 

The binding affinity Kd and the kinetic parameters kon and koff 132 
were obtained by fluorescence measurements of a dilution series 133 
with a constant (labeled) binder B*

tot and increasing ligand 134 
concentration Ltot. Each measurement could be divided in three 135 
successive phases (Fig.2). In the pre heat phase, the bound 136 
sample’s equilibrium Kd and binding curve were determined by 137 
fitting Eq.1(SI) to the measured bleaching rates kbleach of the 138 
traces,[24] see Fig.3 a and SI-2. In the successive heat phase, the 139 
sample was heated by the IR-laser for 40 seconds, the bound 140 
complex unbound and the fluorescence decreased due to the 141 
increased temperature.[26] The fluorescence traces were 142 
governed by thermophoretic movement, convection, bleaching 143 
and kinetics,  from which the kinetic fingerprint could not be 144 
extracted reliably enough, see SI-3. When the IR-laser was 145 
switched off, the system returned to thermal equilibrium within 146 
250 ms. In this so called post heat phase, the kinetic fingerprint 147 
could be extracted from the fluorescence signal by appropriate 148 

analysis: the bleaching and diffusion contributions were 149 
elucidated from the pre heat phase and the zero-ligand trace in 150 
the post heat phase, respectively. Then, the fluorescence traces 151 
of the post heat phase were corrected for the bleaching and 152 
diffusion for each ligand concentration, respectively, and 153 
exponential kinetic relaxation was fitted to 𝐹𝑘𝑖𝑛𝑒𝑡𝑖𝑐 ∝154 
𝑒𝑥𝑝(−𝑡 𝜏𝑘𝑖𝑛𝑒𝑡𝑖𝑐⁄ ),  see Eq.7(SI) in SI-4. The resulting inverse 155 
kinetic relaxation constants were plotted against the total ligand 156 
concentration (Fig.3 b). The on rate kon was fitted according to 157 
Eq.2(SI), see Fig.3c, and koff could be obtained. 158 

To validate the experimental results, we performed finite 159 
element simulations with COMSOL Multiphysics which captured 160 
the relevant interaction characteristics of heating, laminar flow, 161 
bleaching and reaction kinetics of diluted species in the sample 162 
capillary, see simulated yellow fluorescence traces in Fig.2 and 163 
SI-5. The simulated fluorescence traces were similar to the 164 
experimental traces and their analysis yielded for similar kinetic 165 
rates, suggesting coherency of experimental observation and 166 
analysis with theoretical expectation based on fundamental rate-167 
equations.  168 

KMST profits from the advantages from the widely-used 169 
MST technique:[1,21–24,26] significant, reliable and reproducible data 170 
acquisition, as well as low cost and consumption of samples. 171 
Importantly, a KMST and MST measurement only requires one of 172 
the reactants to be labeled (instead of both) which facilitates 173 
sample preparation and ultimately minimizes label-related 174 
interferences within the binding process. Further, the 175 
determination of the kinetic rates together with the binding affinity 176 
is performed in a single step within the same biological sample. 177 
Taken together, KMST provides a suitable technique with minor 178 
technique-related systematic measurement error. A volume of 179 
less than 5µl and around nM concentrations for labeled binder 180 
and up to µM concentrations for ligand brings down the costs for 181 
the measurement of one affinity.[1] The dilution series, the capillary 182 

Figure. 1: Kinetic Microscale Thermophoresis setup. a Molecular interaction 
processes that change the detected fluorescence of the sample. b To obtain a 
strong thermal coupling, the sample solution inside a capillary is placed between 

a temperature-controlled silicon plate and a glass cover slip, surrounded with 
immersion oil and locally heated with an IR-laser. Through the same objective, 
fluorescence emission and excitation LED light is detected by a photodiode. 
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filling, the placement of the capillaries on the silicon plate and 183 
immersion with oil do not require high-precision adjustments or 184 
handling. Data analysis is not dependent on complex theoretical 185 
models and is robust against single capillary uncertainties. Like 186 
MST, KMST can be used for high-throughput kinetic rate 187 
determination.   188 

To extract a kinetic fingerprint from KMST, the ligand-binder 189 
system does not necessarily have to be dependent on a size 190 
change upon binding. Eventually, a conformation change upon 191 
binding, that leads to different fluorescence levels of the bound 192 
and unbound state, is sufficient to detect kinetic rates. Control 193 
measurements in which the complementary bases had a distance 194 
of 4 base pairs to the fluorescent label yielded for similar affinities 195 
and kinetic rates, see SI-6. We conclude that a change of the 196 
electronic configuration of the Cy5-fluorophore due to distant 197 
binding is sufficient to detect binding and thus kinetics. We also 198 
performed simulations to test, if kinetics can be extracted 199 
reasonably from systems with large size differences of the binder 200 
and the ligand, see SI-7. The results suggest that the analysis is 201 
robust against large size differences of the reactants (i.e. tenfold 202 
increased diffusion coefficient of ligand or binder), and if possible, 203 
the larger reactant should be labeled  to reduce systematic errors 204 
within the kinetic rate analysis. 205 

We discuss four conditions which contribute to optimal 206 
experimental rate determination, see SI-8 for details. First, 207 
reliable fluorescence detection due to sufficient fluorescence 208 
signal was optimal for Btot>1nM which allows for robust analysis 209 

of binding affinities Kd>1nM. Second, 𝜏𝑘𝑖𝑛𝑒𝑡𝑖𝑐
−1 ≪ 𝜏𝑐𝑜𝑜𝑙𝑖𝑛𝑔

−1 is 210 
necessary to correctly apply the rate analysis equations and 211 
clearly dissect the kinetic contribution from the temperature jump 212 
within the fluorescence signal. Third, as the measurements 213 
depend temperature-dependent (un)binding, the studied system 214 
requires a significant enthalpic contribution 𝛥𝐻0.  Fourth, the 215 
quantum yield of the fluorescence label is required to exhibit a 216 
dependence on binding in order to yield for kinetic fingerprint in 217 
the fluorescence traces.  218 

The range of measurable on-rates and off rates was 219 
comparable with label-free methods, such as SPR,[30] which is 220 
capable to measure in a range of 103 M-1s-1< kon <108 M-1s-1 and 221 
10-6 s-1< koff <1 s-1.[31] Yet, the limitations for measuring high on-222 
rates with KMST and SPR differ: Whereas SPR is limited by mass 223 
transportation and requires molecules of great molecular mass, 224 
KMST is limited by the speed of the temperature jump and small 225 

Figure 2: Fluorescence traces unravel kinetics In the pre heating phase, the 
fluorophore bleached due to LED illumination. The bleach rate was higher for 
the bound complex. During the heating phase with IR laser, the fluorescence 
quickly changed upon the temperature jump within 250 ms. Then, the 
fluorescence change resulted from unbinding, bleaching, convection and 
thermophoresis. In the post heating phase, the sample quickly returned to 

ambient temperature. The fluorescence change was governed by kinetic 
relaxation from unbound state towards the bound state. Fluorescence traces 
are shown for 0µM and 2.5µM of 12mer DNA strands (dark and light blue) at 
19°C with 2 nM complementary labeled binder strand and COMSOL simulations 
(yellow), respectively. 

Figure 3: Kinetic data extraction a The binding curve and Kd obtained by 
plotting the bleaching rate in the pre heat phase against the ligand 
concentration. b Kinetic relaxation traces obtained by analyzing the 

fluorescence traces in the post heat phase. The insets show all measured 

fluorescence curves of one dilution series. c The fitted 𝜏𝑘𝑖𝑛𝑒𝑡𝑖𝑐
−1 were plotted over 

the ligand concentration to fit the on-rate according to Eq.2(SI), for fully-
complementary 12mer in 0.1xPBS at 16°C, we yield kon=2.2x10 4 M-1s-1 and  
koff=2.4x10-4 s-1.  
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Kd<1nM in combination with fast kinetics.[32] KMST profits from its 226 
applicability to measure a range of salt concentration and inside 227 
crowded solutions with minor loss of accuracy (see below), in 228 
contrast to surface-related kinetic measurement methods  where 229 
sensor response and nonspecific electrostatic binding both 230 
increase for decreasing ionic strength. 231 

The comparison of the obtained results by KMST with 232 
literature suggest two conclusions: First, the absolute values of 233 
the kinetic rates reported by the various methods showed 234 
significant differences up to several orders of magnitude for the 235 
kinetic rates. This suggests that the kinetic rates strongly depend 236 
on the observed system’s parameters, e.g. buffer, immobilization, 237 
fluorescent labels, temperature and other boundary conditions. 238 

KMST shows to be a technique to measure kinetic rates over a 239 
broad range – on/off-rates by two/three orders of magnitude –  240 
that accomplishes a reduction of these interfering parameters, by 241 
reducing the amount of labeled strands to one. Second, the 242 
exponential dependence of the off-rates on strand length, 243 
temperature and salt concentrations could be shown by the 244 
various methods, respectively. For the on-rates, temperature and 245 
length dependence remain debated. 246 

DNA hybridization kinetics 247 

The hybridization kinetics of complementary DNA strands of 248 
different lengths were measured under various buffer and 249 
temperature conditions, see SI-9. All rates measured with KMST 250 
are summarized in SI-10. Kinetics measurements with a 251 
temperature-jump technique[33] and added Eva Green 252 
intercalating dye did not yield for kinetic fingerprints, see SI-10. 253 
The measured on-rates showed weak if no dependence on strand 254 
length and increased linearly with salt concentration (1.9 ± 0.2) ×255 
106𝑀−1𝑠−1

𝑥𝑃𝐵𝑆
, see Fig.4 a & b. The measured off-rates showed 256 

exponential dependence on strand length (characteristic length 257 
0.81[bp]) and salt concentration (characteristic concentration 258 
0.19[xPBS]) as seen in Fig.4 c & d. The dissociation constant Kd 259 
was strongly dominated by the respective off-rate dependence on 260 
strand length (characteristic length 0.72[bp]) and on salt 261 
concentration, see Fig.4 e & f. It showed an exponential 262 
dependence on strand length and 𝐾𝑑 ∝ 𝑒−𝑐𝑃𝐵𝑆 𝑐𝑃𝐵𝑆⁄  dependence 263 
on PBS concentration. 264 
The comparison of the absolute values of the measured rates with 265 
literature is difficult due to the many different measurement 266 
methods and sequences used. We discuss the measured values 267 
with regard to the order of magnitude measured, their 268 
dependence on the salt concentration, strand length and 269 
temperature.  270 

For high salt concentrations (1xPBS), Surface Plasmon 271 
Fluorescence measurements report 104 M-1s-1 [34] which is an 272 
order of magnitude smaller than our measurement. FRET 273 
measurements for 9mers reported on-rates in the low 106 M-1s-1 274 
range[35] (with 50mM HEPES), similar to our findings. 275 
Measurements with TOOL reported on-rates in the order of 106-276 
107 M-1s-1 [36] for 12mer and 16mer complementary DNA strands, 277 
which is an order of magnitude larger than our findings. For low 278 
salt concentrations (<0.1xPBS) FRET measurements found on-279 
rates of 10mers to be about 104 M- 1s-1 [18] in free solution buffer, 280 
also found in works with Quartz Crystal Microbalance[37] of 281 
immobilized 10mers, similar to our results. Multi-channel 282 
graphene bionsensors report 105 M-1s-1 [7] for immobilized target 283 
strands, which is an order of magnitude higher than our findings. 284 
Our works suggest on-rates for low salt concentrations to be in 285 
the range of 104-105 M-1s-1 linearly increasing with salt 286 
concentration up to 106 M-1s-1 for 0.75xPBS, see Fig.4 b, similarly 287 
reported earlier.[38] 288 

We observed on-rates to be independent of the strand 289 
length, see Fig.4 a, similarly reported earlier.[39] But literature also 290 
reported contrarily dependence.[18,36,37] Bielec et al argue that the 291 
higher total charge of the longer strands pose a higher energetic 292 
barrier for hybridization, especially for low ionic salt 293 
environments.[18] Our finding is limited to a strand length 294 
difference of 6 by a total length of 16, which may be too short to 295 

Figure 4: Strand length and salt dependence of kon, koff, Kd and EA a The 
on-rate did not show strand length dependence but b linear salt dependence. 
The off-rate decreased exponentially with c strand length and d salt 

concentration. e The resulting equilibrium constant Kd=koff/kon decreased 

exponentially with length and f according to 𝐾𝑑 ∝ 𝑒−𝑐𝑃𝐵𝑆 𝑐𝑃𝐵𝑆⁄ with PBS  
concentration. g & h Arrhenius activation energy EA for on-rate and off-rate. 
Length (salt) dependence was measured at  22°C (25°C). 
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observe strand-dependent on-rates. The comparison of our rates 296 
with the results presented by Okahata et al.[37] is limited due to the 297 
immobilization of their used probes.  298 
Literature reported both smaller and larger off-rates for low and 299 
high ionic salt conditions than our results suggest, respectively. 300 
For low salt concentrations (<0.1xPBS), FRET measurements of 301 
Bielec et al.[18] reported off-rates two orders of magnitude smaller 302 
than ours. Morrison and Stols[39] found higher off-rates at much 303 
higher salt concentrations of 10xPBS in temperature jump 304 
experiments. Tawa et al[34] measured smaller off-rates for longer 305 
strands in higher salt concentrations. Our measured off-rates 306 
showed an exponential decrease with salt concentration, see 307 
Fig.4 d, also reported by Okahata et al.[37] and qualitatively 308 
supporting Braunlin et al.[38] The exponential decrease of the off-309 
rates with strand length, see Fig.4 c, was in agreement with  310 
literature.[32,37,39,40] 311 

DNA hybridization thermodynamics 312 

The measurements of the binding affinity and the kinetic 313 
rates for various temperatures allowed for thermodynamic 314 
analysis. The Van’t Hoff plot was obtained by 315 

𝑙𝑛(𝐾𝑑
0 𝐾𝑑⁄ ) =

−𝛥𝐻0

𝑅𝑇
+

𝛥𝑆0

𝑅
 323 

with the standard enthalpy 𝛥𝐻0and standard entropy 𝛥𝑆0which 316 
were fitted to Kd values of Fig.5 e & f under Kd

0 =1[M] standard 317 
conditions at 295 K, see SI-11.  R=1.987 cal K - 1 mol-1 is the gas 318 
constant. 𝛥𝐺0 and 𝑇𝛥𝑆0 were calculated  𝛥𝐺0 = 𝛥𝐻0 − 𝑇𝛥𝑆0 319 
accordingly. For increasing temperature, the bound state 320 
destabilizes and Kd increases. The negative slope and positive 321 
intercept of the Van’t Hoff fits yield for 𝛥𝐻0 < 0 and 𝛥𝑆0 < 0. 322 
The Van’t Hoff plots provide support of 𝛥𝐻0 to be in the range of 324 
about -60 kcal mol-1, and 𝛥𝑆0 between -170 and -270 cal K-1 mol-325 
1, also reported by surface-tethered FRET measurements[35] and 326 
slightly above previously reported values of 8mers measurements 327 
with NMR.[38] Additional melting curve measurements of the 328 
12mer strands and associated Van’t Hoff analysis yielded for 329 
similar Kd dependence on inverse temperature and 𝛥𝐻0, see SI-330 
11 and SI-Fig.5 b. At room temperature, both contributions cancel 331 
out and yield for rather small negative 𝛥𝐺0, supporting the view 332 
that DNA hybridization is a spontaneous process:[35,41] the 333 
formation of hydrogen bonds and base stacking lead to the 334 
exothermic release of heat and the decrease in entropy results 335 
from reduced conformational flexibility in the bound state.[42,43] Our 336 
findings contribute to the understanding that increased cationic 337 
strength increases 𝛥𝐻0 and 𝛥𝑆0,  both becoming less negative. 338 
Although 𝛥𝐻0 increases with cationic strength 𝑇𝛥𝑆0  increases 339 
stronger, resulting in a net more negative 𝛥𝐺0, thus favoring the 340 
bound. However, the meaningfulness of 𝛥𝐺0  allows only for 341 
limited conclusions, due to large errors, see SI-11. For increasing 342 
strand length, we found that 𝛥𝐻0 and 𝛥𝑆0increase, resulting in a 343 
decrease of 𝛥𝐺0,  favoring the hybridized state, also reported 344 
earlier.[35] 345 

The measured temperature dependence of the on-rates and 346 
off-rates allowed for determination of the Arrhenius activation 347 
energies EA,on EA,off according to 𝑘 = 𝐴 ⋅ 𝑒𝑥𝑝(−𝐸𝐴 𝑅𝑇⁄ ) with k the 348 
on-rate or off-rate and A the pre-exponential factor, see 349 
Fig.4 g & h. The corresponding Arrhenius plots are shown in 350 
Fig.5 a - d. All values are summarized in SI-12. Note that EA are 351 
identical to 𝛥𝐻‡ for the on-rate and off-rate, respectively, due to 352 
the applied analysis method. 353 

The on-rates showed no if slight increase with temperature, 354 
see Fig.5 a & b, corresponding to smallpositive EA,on≈ 0 kcal M-1. 355 
EA,on did not show significant dependence on strand length or salt 356 
concentration, see in Fig.4 g & h. The temperature dependence 357 
of on-rates of DNA hybridization is still object of open debate. 358 
Literature reports increasing[39] (for T<Tmelt), decreasing[32] and 359 
non-monotonic[37,44] behavior. Our findings contribute insofar, as 360 
the determined EA slightly above and below zero can not be used 361 
to exclude one of the proposed hypotheses. 362 

The off-rates showed expected exponential dependence on 363 
inverse temperature,[32,37,39,40] see Fig.5 c & d. The measured 364 
EA,off became smaller for increasing strand lengths and salt 365 
concentrations, see Fig.4 g & h. This is in line with the view that 366 
the electrostatic repulsion between the anionic chains of the DNA 367 
strands decreases for high ionic salt concentrations and in result 368 
stabilize the hybridized bonds.[37] Similar behavior was also found 369 
for DNA hairpins.[45] 370 

Identifying the Arrhenius activation energies with the 371 
thermodynamic quantities of the Eyring-Polanyi equation (that is 372 
𝐸𝐴,𝑜𝑛 ≡ 𝛥𝐻‡

𝑜𝑛 and 𝐸𝐴,𝑜𝑓𝑓 ≡ 𝛥𝐻‡
𝑜𝑓𝑓 ) allowed for a connection of 373 

kinetic quantities with thermodynamic quantities,[35,41] but in 374 
general involves conceptual difficulties.[46] Following this 375 

Figure 5: Temperature dependence of Kd, koff and kon of fully-
complementary DNA strands a-d Eyring plots of transition state theory of on-
rates and off-rates. a&b On-rates show no strong temperature or strand length 
dependence. c&d the corresponding off-rates decrease with 1/T  e & f  Van’t 
Hoff plot for various lengths in 0.1xPBS and salt conditions for 12mer. Kd 
decreases exponentially with 1/T  and decrease for increasing salt 
concentrations and strand length. 
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identification, the thermodynamic enthalpy and entropy 376 
landscapes of free state, transition state and bound state could 377 
be determined, see SI-12. 378 

DNA hybridization kinetics in crowded solutions 379 

Lastly, we show that KMST allows for measurements of 380 
kinetic rates in various fluids with minor loss of accuracy. DNA 381 
hybridization takes place in more crowded fluids than pure buffer 382 
solutions, but the measurement in more complex solutions is 383 
typically experimentally more demanding. To simulate crowded 384 
solutions, we used polyethylene glycol PEG 8000, which was 385 
used in earlier studies to simulate the effect of molecular 386 
crowding[36,47].  387 

The results shed light into the behavior of DNA hybridization 388 
rates in free solution at low ionic salt concentrations, see Fig.6 389 
and SI-13: Small concentrations of PEG < 5%  (v/w) facilitated 390 
binding and yielded for stronger affinities due to decreased off-391 
rates, possibly due to excluded volume effects. But increasing 392 
PEG concentrations from 5% to 10% (v/w) led to increasing off-393 
rates, resulting in reduced affinities. The increased off-rate for 394 
higher PEG concentrations may be explained by a destabilizing 395 

effect of the surrounding PEG molecules on the hybridized DNA. 396 
The on-rates showed weak if no dependence on PEG 397 
concnentration. 398 

Our findings highlight that at low ionic salt concentrations, 399 
crowding agents affect the DNA hybridization rates not only by 400 
excluding volume effects but also by destabilization of the 401 
hybridized complex. This result extends earlier studies with FRET 402 
measurements which found that kinetic relaxation time constants 403 
of DNA hybridization are weakly if not dependent on crowding 404 
agent concentrations for higher ionic salt concentrations for 405 
1xPBS[36] and 1xPBS with 1mM Mg2+.[48] 406 

Conclusion 407 

We demonstrated here that the combination of Microscale 408 
Thermophoresis with the temperature jump technique provides a 409 
novel method to determine kinetic rates together with binding 410 
affinities in a single experiment. By a straightforward hardware 411 
modification of a conventional MST setup – increasing the thermal 412 
dissipation by placement of the sample-containing capillary on a 413 
silicon plate and immersion with oil – kinetic relaxation could be 414 
extracted from the fluorescence traces. We systematically studied 415 
the dependency on salt concentration, strand length and 416 
temperature of on- and off- DNA hybridization rates. We found an 417 
exponential dependence of the off-rate on strand length, salt and 418 
temperature. We further found weak if no dependence at all of the 419 
on-rate on temperature and strand length and a linear 420 
dependence on salt concentration. The results shed light into the 421 
hybridization mechanism of DNA and summarized the 422 
determinants of DNA binding. The method allows for 423 
measurements of wide salt concentrations and in crowded 424 
solutions with minor loss of accuracy, it needs very low sample 425 
quantities and it is a very easy-to-use and robust setup. While 426 
requiring the probed binding reaction to have a sufficient enthalpic 427 
contribution, no artifact-inducing processes, like molecule 428 
attachment to surface, are necessary. We believe that KMST 429 
could be of great interest for a broad audience - including the 430 
numerous labs who have a MST device - and could open new 431 
possibilities for researchers in biological and medical sciences. 432 
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binding affinities together with the kinetic rates. We measured relaxation kinetics for DNA hybridization with high fidelity at different 
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