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Fig 6. Slopes of the bleached dilution series against the diffusion times. The
fluorescence rate as function of diffusion time for 50 bp, 200 bp, 500 bp, 1000 bp,

2000 bp, 3000 bp, 6000 bp and 10000 bp DNA fragments. The fit Eq 18 to the data
yields k;jn: = 0.176, kp; = 19.016 and const = 0.257. The photobleaching effect affects
the fluorescence rate which is hence lower for bigger diffusion times (larger molecules).

dividing the expression by 7p, we obtain the rate of fluorescent photons depending on
the diffusion time. Finally, the introduction of a constant const is necessary to take into
account the fact that the fluorescence rate for long diffusion times can never become
zero but is approaching a limit value. Putting all these considerations together, Eq 17
turns into:

kint

TD

f(TD) = Gsampie = (1 e R T 4 const (18)

The fit of Eq 18 to the data yields: k;j,; = 0.1759, ky; = 19.0164 and const = 0.2571
(see Fig 6).
Determination of concentration and evaluation of method

In order to determine the exact mass concentration of a DNA sample of unknown
composition, the following steps are performed:

1. Measuring of fluorescence intensity I’
Determination of 7p via calculation of the autocorrelation

Calculation of asqmple using Eq 18

L

Determination of the angle of rotation 6 via asgmpie and a.q; from the calibration
(50 bp DNA) using Eq 16

5. Calculation of the corrected concentration C' via Eq 15 and I’

The fluorescence intensity I’ is obtained directly from the measurements. The mean
diffusion time 7p for a sample is then determined from the measurements using the
autocorrelation. Eq 18 gives the characteristic slope asqmpie for a given diffusion time
7p. Now, resolving Eq 16 to the angle of rotation 6 yields the reverse function 6:

a a

0= arctan(cal—'_smn”le> (19)
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By inserting asqmpie from the step before and aq; from the 50 bp calibration

measurement, we get the resulting rotation angle 6 of the sample. To calculate the

actual concentration of the DNA sample, we use the reverse function C'(6) of Eq 15:
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Fig 7. Results of the determination of mass concentration. The mass
concentration of eleven DNA mixtures (2nl drops) with setpoint concentrations of

20 pg/nl, 50 pg/ul, 100 pg/nl and 200 pg/ul are determined. Comparison of the new
calibration procedure to uncorrected conventional procedure using directly fluorescence
intensity of 50 bp dilution series (see figure {4)) to determine the mass concentration.

Inserting the calculated angle 6 and the measured intensity I’ of the sample yields the
actual mass concentration of the DNA sample.

For evaluation of the procedure, we used a set of 11 DNA mixtures with the
concentrations 20 pg/ul, 50 pg/nl, 100 pg/ul and 200 pg/ul, respectively. We conducted
each measurement five times and analyzed the fluorescence traces by means of FCS to
get the corresponding diffusion time 7p. We averaged the results of the fivefold
measurements by using the median and calculated the corrected concentrations for each
DNA mixture using the above schematic.

The deviation from the setpoint concentrations are below 2.3 % for 50 pg/ul,

100 pg/nl and 200 pg/ul. Even for 20 pg/ul samples the deviation is below 8.6 %. For
comparison, we calculated the concentrations of the DNA mixtures according to the
uncorrected standard procedure. For this purpose, we used the 50 bp dilution series (see
Fig ) as calibration standard and calculated the concentrations of the DNA mixtures
on the basis of the fitted calibration measuring points. Fig [7] shows a comparison of the
corrected results versus the uncorrected results. The complete data of all mixtures can
be found in in the appendix. Without the bleaching correction, the actual
concentration is significantly underestimated while the corrected calibration procedure
provides much more accurate results.

We believe that our improved calibration method will make measuring molecular
biological samples of unkown sequence composition effortless, accurate and
sample-saving when compared to previous methods.

We would like to point out that besides photobleaching, the so-called saturation of
optical intensity also plays an important role in fluorescence intensity. While the
saturation of the fluorescence intensity only occurs at soaring laser intensities,
significant parts of the molecules can already change into long-lasting triplet states at
consideralby lower laser powers. Since our measurements were all taken at the same
laser power, the relative deviation due to this effect is the same for all our
measurements and can be neglected for correction.

Conclusion

In this paper we derived a procedure to get highly accurate results for DNA
measurements in highly diluted solutions. The challenge is to correct the so called
photobleaching effect which reduces the fluorescence rate of the sample. The larger the
hydrodynamic radius of the sample the larger is the photobleaching effect. In a first
step, we determined the diffusion properties of the sample by means of fluorescence
correlation spectroscopy. By doing this we could correct the fluorescence rate of the
sample. In contrast to uncorrected measurements, we could reduce the photobleaching
dependent failure of fluorescence based measurements to less than 3 % compared to

30 % without correction. Even for very low sample concentrations of 20 pg/ul the failure
is still below 9 %. This is remarkable considering that we conducted the measurements
in tiny volumes of 2 ul. But even measurements in 1 pl droplet volumes are feasible.
Which means that in case of 20 pg/nl our method only needs 20 pg of DNA to provide
accurate results without the cost of expensive consumables. We would like to point out
that for each mixture the average diffusion time is measured which enables the
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calculation of the average DNA fragment size of the sample. In principle, this allows a
direct measurement of the sample molarity. It is also thinkable to determine the degree
of fragmentation of nucleic acids in a sample. This opens up interesting fields of
application in the field of DNA and RNA extraction from rare samples such as tissue
sections. Furthermore, this circumvents time-consuming and expensive examinations of
the sample using for example capillary electrophoretic methods.

Supporting information

S1 Table. Data of mass determination. Mass determination of eleven mixtures
with four defined mass concentrations (20 pg/nl, 50 pg/ul, 100 pg/pl and 200 pg/ul)

Mixture 20pg/nl  50pg/ul  100pg/ul 200 pg/ul
50 bp:1000 bp (1:1) 21.01 47.77 111.38 214.21
50 bp:1000 bp (1:2) 17.47 51.98 97.57 176.96
50 bp:1000 bp (1:3) 20.51 49.29 92.91 210.87
50 bp:1000 bp (1:4) 19.04 49.70 93.78 208.29
50 bp:1000 bp (1:5) 19.62 44.80 96.71 190.54
50 bp:1000 bp (1:6) 17.52 45.37 104.06 165.71
200 bp:500 bp (1:1) 24.98 54.99 99.59 204.91
200 bp:500 bp (1:2) 23.78 53.02 93.66 206.66
200 bp:500 bp (1:3) 16.05 42.71 94.54 200.74
200 bp:500 bp (1:4) 30.47 51.44 95.79 202.47
200 bp:500 bp (1:5) 28.40 46.72 103.98 195.55
Mean [pg/ul] 2171 48.80  98.54 197.90
Variance coeffizient [%)] 23.31 7.60 5.76 7.47
Deviation from target[%] | 8.57 -2.22 -1.46 -1.05
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