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Abstract

Determining the concentration of nucleic acids in biological samples precisely and reliably
stillis a challenge. In particular when only very small sample quantities are available for
analysis, the established fluorescence-based methods give insufficient results. Photo-
bleaching is seen as the main reason for this. In this paper we present a method to correct
for the photobleaching effect. Using confocal microscopy with single molecule sensitivity,
we derived calibration curves from DNA solutions with defined fragment length. We ana-
lyzed dilution series over a wide range of concentrations (1 pg/ul—1000 pg/ul) and mea-
sured their specific diffusion coefficients employing fluorescence correlation spectroscopy.
Using this information, we corrected the measured fluorescence intensity of the calibration
solutions for photobleaching effects. We evaluated our method by analyzing a series of
DNA mixtures of varying composition. For fragments smaller than 1000 bp, our method
allows to determine sample concentrations with high precision in very small sample quanti-
ties (< 2 pl with concentrations < 20 pg/ul). Once the technical parameters are determined
and remain stable in an established process, our improved calibration method will make
measuring molecular biological samples of unknown sequence composition more efficient,
accurate and sample-saving than previous methods.

Introduction

In molecular biology, precise knowledge of molecule concentrations, especially nucleic acid
concentration, is required. Various methods, such as molecular cloning or sequencing involve
nucleic acids and depend on precise concentration data [1, 2]. Also, the analysis of tissue sam-
ples or the examination of expression patterns of cells require exact concentration data on the
amounts of extracted nucleic acid [3-5]. PCR-based methods can analyze nucleic acid samples
consisting of only a few templates and are therefore widely used in molecular biology [5, 6].
However, these methods rely on sequence information from the sample. Thus, PCR-based
methods cannot help in the analysis of nucleic acid mixtures of unknown sequences. Fluores-
cence measurements are highly promising for this task because of their extraordinary
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sensitivity that even allows measuring single-molecule events [7]. A number of fluorescent
dyes are available that bind sequence-independently to nucleic acids and thus enable reliable
labeling [8, 9]. Additionally, fluorescent dyes for labeling are inexpensive and easy to handle.
To consume as little of the valuable nucleic acid sample as possible, researchers prefer measur-
ing in highly diluted solutions with microliter volumes [2]. Confocal fluorescence microscopy
can meet these challenges and is therefore the ideal candidate for measuring mixtures of
unknown nucleic acid sequences.

To obtain reliable results in fluorescence-based concentration determination, we have to
consider various effects. In confocal measuring, soaring power intensities occur which may be
of the order of several 100 kW/cm? may occur [10], which would expose the fluorophores to
an enormous load. That is why the phenomenon of photobleaching, where molecules can per-
manently lose their fluorescence property due to irradiation with excitation light [11], is partic-
ularly problematic. During confocal measurements on freely diffusing molecules, a stationary
equilibrium between the particle streams of bleached and fluorescent molecules is established
in the excitation volume. Therefore, on average an apparently lower intensity, and thus also a
lower concentration, of fluorophores in the solution is measured due to the bleaching effect.
The extent to which a measurement is influenced by photobleaching depends on various
factors, such as the irradiance of the excitation light, the photochemical properties of the fluor-
ophore used, and the proportion of oxygen in the solvent [11]. The probability that a fluoro-
phore is bleached is directly related to the duration of irradiation by the excitation light [12].
As a result, the bleaching rate occurring in the solution is a function of the molecular size,
since larger molecules diffuse more slowly than smaller ones and thus remain longer in the
excitation volume. A similar effect is valid for mixtures of nucleic acids with arbitrary fragment
length distribution. The only difference is that here the mean fragment length and the mean
diffusion constant are the characteristic properties of the mixture for photobleaching. As a
consequence, nucleic acid mixtures of the same mass concentration but with different molarity
have different mean diffusion constants, due to photobleaching.

We have derived a new calibration procedure to account for this effect and to correct the
effect of photobleaching in fluorescence measurements. We use fluorescence correlation spec-
troscopy in a confocal setup to analyze the diffusion properties of DNA solutions. With this
information, we can correct the fluorescence measurements for photobleaching to achieve
highly accurate results.

Theory

Fluorescence correlation spectroscopy (FCS) is a widely used technique to analyze the diffu-
sion behavior of particles. The idea behind FCS is the correlation in time of thermodynamic
fluctuations in concentration of diffusing particles in solution in equilibrium [13]. Eq 1 gives
the autocorrelation function to calculate the FCS and corresponds to the correlation of a time
series with itself shifted by time :

(51(t) - 81t + 7)),
({1(1));

where I(t) is the measured intensity at time ¢. (. . .); denotes an average over time:

G(z) =

(1)
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The intensity fluctuation 8I(¢) at a certain time is:
oI(t) = I(t) — (I(1)), (3)
From this, the autocorrelation function turns into

08l D), {0 I+ ),
&) 1)’ aoy " @

In this form, we can easily compute the autocorrelation from a given fluorescence trace. On
the basis of physical considerations, a model for the autocorrelation can be derived. For this,
the properties of the laser profile and molecular diffusion properties of the sample are consid-
ered. This model gives ground to approximate the detection efficiency of a diffusing particle
excited by a single-mode laser in a confocal setup by a Gaussian profile [14]:

2 2 2
I(x,y,2) = I, exp (—2 (x—i;y)) exp (—2 Z)) (5)
o Z

where x, y and z are the coordinates of the observation volume. z is the direction of the laser
beam. 1, is the radius of the observation volume and (2z,) is the effective length of the volume.
For the Gaussian distribution of the laser profile, we can write the autocorrelation function for
one freely diffusing particle species as [15]:

N+ & it (6)
T 1+ 3

Here, N is the average number of molecules in the detection volume. 7p, is the average diffu-
sion time of particles in the observation volume giving the characteristic decay scale of fluores-
cence fluctuations [16]. We use Eq 6 to fit the experimental FCS data to get the diffusion time
7p from the measurement. At 7 = 0, we obtain the mean number of diffusing particles in the
volume (N) or equivalently the mean concentration (C):

G(0) = e = 7)
(N)  V4(C)
Where the effective observation volume is:
V=i, (8

The diffusion coefficient of the diffusing molecules in solution is:

p=To 9
- (9)

Standard implementations of FCS methods do not provide absolute values of diffusion
coefficients, since they require information about the geometric shape of the detection volume,
which is challenging to measure independently. Therefore, measurements of the diffusion
coefficient are relative and require additional measurements of a reference substance, e. g.
Alexa Fluor 488 with known diffusion coefficient and concentration to derive the information
about the geometric shape [16].

It is important to note that with small shifting times further effects, such as triplet state
effects (microseconds) [17] or photodiode afterpulsing (nano- to microseconds) [18] dominate
the autocorrelation, so that Eq 6 needs to be adapted. Since we analyze here polymeric
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molecules with large diffusion times (75, > 1 x 107> s), the important changes of the autocorre-
lation function take place at relatively large shifting times and these effects can be neglected.

Materials and methods
Confocal setup

For our experiments we used a home-built fluorescence microscope in a confocal setup (Laser:
Lasos LDM F series, 90 mW, 486 nm; Filters: Linus 1% neutral filter, Bright Line™ fluores-
cence filter 535/40; Dichroic mirror: Linus 500 LP; Objective lens: Zeiss LD Plan-Neofluar 63x
/0.75 korr, co / 0-1.5; Detector: Avalanche photo diode from Micro Photon Devices PDM
series 100 um). The pinhole has a diameter of 100 um. An ALV correlator card processed the
fluorescence signal. Fig 1 shows a schematic description of the confocal setup and the simpli-
fied measurement principle. We decided to use a 63x longdistance air microscope objective,
because we wanted to keep the costs for the setup as low as possible and at the same time keep
sample and measurement handling simple. By using an air objective instead of an immersion
objective the detection efficiency decreases due to the lower NA. However, test measurements
showed a sufficiently good S/N ratio for data evaluation (see Fig 2). For the estimation of the
geometric shape of the detection volume, we conducted measurements with the fluorescence
dye Alexa Fluor 488 (ThermoFisher Scientific), which has a known diffusion coefficient of
435 pmz s19].

Measuring operation

For each fluorescence measurement, we placed a 2 pl drop on a cover slip and positioned it
under the objective lens with the drop pointing away from the lens. Then we approached the
measuring position along the optical axis, which was 50 um in the drop volume. A pause of 30
s after each approach ensured that we were close to an equilibrium of bleached and unbleached

A Detector B
l"_ e ‘_71 Ail}
= Pin hole :
— ens
Lens «———
: : C()Vel' Slip [ L : '
) Detection
Dichroic ‘ e
Mirror Laser “ '

Y Fluorophore
Beam )

Object level

Fig 1. Schematic of the experimental setup. A: A laser emits light that is passed through a dichroic mirror and
focused on the sample through an objective lens (dashed). Excited fluorophores in the probe start to emit photons
which are collected by the objective lens. Because of their extended wavelength, these photons can pass the dichroic
mirror. A detector counts these emitted photons (dotted). The pinhole improves the signal to noise ratio and assures
that only photon events from the object level can reach the detector. B: The laser beam exits the objective lens and is
focused behind the cover glass in the sample volume. A fluorophore enters by random walk the detection volume and
begins to emit photons. The average time to pass the volume correlates with its diffusion coefficient.

https://doi.org/10.1371/journal.pone.0231918.g001
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Fig 2. Alexa Fluor 488 calibration measurements. Fivefold measurement of Alexa Fluor 488 1 nM in 1 part 75%
water/25% DMSO and 1 part TE-buffer. The FCS curves of the measurements show the characteristic curve of the
autocorrelation function and can be fitted with Eq 6.

https://doi.org/10.1371/journal.pone.0231918.9002

diffusing fluorophores leaving and entering the detection volume. The actual measurement
took 30 s. During this time the ALV correlator card collected the data and calculated the auto-
correlation of the measurement. The data were fitted to Eq 6 to get the characteristic diffusion
time 7p, of each measurement. Each measurement was performed five times for different drop-
lets. During all measurements the temperature was constant at 22°.

Sample preparation

For the calibration procedure, dilution series of dsSDNA (NoLimits™, ThermoFisher Scientific)
with fragment lengths of 50 bp, 200 bp, 500 bp, 1000 bp, 2000 bp, 3000 bp, 6000 bp and 10000
bp in 75% water/25% DMSO (vol/vol) were prepared. For labeling, the intercalator RiboGreen
(Quant-iT™ RiboGreen™, ThermoFisher Scientific) was used. A solution of 3 ul RiboGreen
stock in 997 ul TE-buffer was prepared and added to the DNA samples in a 1:1 ratio, yielding
final mass concentrations of 1 pg/ul to 1000 pg/ul for the dilution series. After waiting one
hour, fivefold measurements were taken for each concentration step. We want to point out
that RiboGreen labels all types of nucleic acids unspecifically. Other intercalators such as Pico-
Green label specifically double-stranded DNA, but have a significantly lower single molecule
brightness and are therefore less suitable for FCS measurements in low concentration ranges.

The evaluation of the calibration method was carried out in a two-step process. In the first
step, we set up DNA mixtures of known composition. The first set of mixtures consisted of
200 bp and 500 bp dsDNA with ratios of 1:1, 1:2, 1:3, 1:4 and 1:5 (wt/wt). The second set con-
sisted of 50 bp and 1000 bp DNA with ratios of 1:1, 1:2, 1:3, 1:4, 1:5 and 1:6 (wt/wt). The
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samples were again prepared in 75% water/25% DMSO (vol/vol) and labeled with the interca-
lator RiboGreen as described above, so that final concentrations of 20 pg/ul, 50 pg/pl, 100 pg/
ul and 200 pg/ul were obtained. Again, we performed each measurement five times. The sec-
ond step aimed to demonstrate the applicability of the method by determining the mass con-
centrations of 8 NGS libraries. The NGS libraries were exom libraries, which were fragmented
by ultrasound. The libraries were adjusted to 1 ng/pl using the Qubit Flex Fluorometer (Ther-
moFisher Scientific). To demonstrate the capability of our method, we diluted the libraries
with 75% water/25% DMSO (vol/vol) and labeled them with RiboGreen as described above,
leading to theoretical concentrations of 10 pg/ul, 20 pg/ul and 50 pg/ul. We conducted our
measurements five times and compared the results with the theoretical values. Because of the
dilution steps and the small droplet volumes, we consumed only 0.8 pl of each library stock to
determine the mass concentrations.

Results and discussion

Testing the confocal setup

To verify the correct functioning of our confocal set-up, measurements were performed with
the fluorescent dye Alexa Fluor 488. Fig 2 shows an example of a fivefold measurement of
Alexa Fluor 488 in 1 part 75% water/25% DMSO and 1 part TE-buffer. Thus, the measure-
ments were performed using the same buffer composition as in the later DNA measurements.
By fitting the autocorrelation data with Eq 6, the characteristic values of the investigated dye
can be determined. For Alexa Fluor 488 in 1 part 75% water/25% DMSO and 1 part TE-buffer,
we found a diffusion coefficient of D = 313 um?/s + 11 pm?/s. This is significantly lower than
the 435 um?/s for Alexa 488 in pure water and reflects the higher viscosity of the buffer due to
the addition of DMSO. Generally, the measurements prove the high reproducibility of the con-
focal setup. They also show that, although a longdistance air lens is used, enough photon
events are collected to calculate a clean autocorrelation. This is important for the reliability of
the subsequent DNA measurements.

Diffusion properties of DNA

DNA measurements were carried out with the aim of establishing a highly precise mass con-
centration determination. To derive a calibration procedure to correct for photobleaching
effects, we started by analyzing the diffusion properties of DNA solutions. For this purpose, we
performed fluorescence measurements on DNA dilution series of defined fragment lengths.
As an example, Fig 3 shows the autocorrelation curves of the FCS measurements exemplarily
for the 50 bp dilution series. The black solid lines correspond to the fit of Eq 6 to the measure-
ment data to get the specific diffusion time 7y, for each fragment length. We have considered
only the data for shifting times greater than 1E-4 s in order to avoid problems such as triplet
state effects or detector afterpulsing, which may occur at small shifting times in the range of
nano- to microseconds. For increasing concentrations, the amplitudes of the graphs decrease,
whereas 7 remains constant for all graphs. The FCS results for the other DNA fragment sizes
are similar to the results shown in Fig 3, with corresponding diffusion times 7p. Using Eq 9,
we can calculate the mean diffusion coefficient for each DNA fragment size. Fig 4 shows the
averaged diffusion coefficients for the different DNA fragments in a double-logarithmic repre-
sentation. The diffusion coefficients seem to follow a power law. According to Zimm’s model
for flexible polymers in solution with excluded volume assumptions, for DNA solutions we
would expect an exponent of around —0.60, because of the scaling law D oc M~*° [20], where
D is the diffusion coefficient and M is the molecular weight. Actually, we found an exponent of
-0.567 which is very close to previously reported values of —-0.57 [21] and —0.57140.014 [22]
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Fig 3. FCS data of 50 bp DNA dilution series. For clarity, we only show the median of the five individual measurements of each
dilution step. The black solid lines correspond to the fit of Eq 6 to the data in order to get the specific 7p values for each fragment
length. For 1 pg/ul DNA solution (not shown) the FCS yields implausible results, because too few fluorescence events occur in the
detection volume.

https://doi.org/10.1371/journal.pone.0231918.9003

for dsSDNA molecules in aqueous solution (see Fig 4). The exponent from the scaling law is
independent of the viscosity and the ambient temperature during the experiments. Therefore,
we can directly compare the exponents.

The results of the diffusion measurements and their comparison to literature show the high
reliability of our measurements. During the measurements, we observed that with larger DNA
fragments the fluctuations in the measured values tend to increase. Measurements on 20000
bp DNA fragments could no longer be evaluated meaningfully. However, even at fragment
lengths of 2000 bp to 3000 bp, larger fluctuations became apparent. We would therefore advice
to limit the measurement procedure to fragment lengths of up to 1000 bp in order to avoid
additional sources of error. In the following sections, we have used the diffusion time 1p,
instead of the diffusion coefficient D to correct the bleaching effect.

Bleaching correction of DNA measurements

The fluorescence intensity (more precisely: the fluorescence rate) will be used to determine the
mass concentration. Therefore, we calculated the median of the fluorescence intensity over
time for each dilution series of each fragment length. As an example, Fig 5 shows the fluores-
cence intensity for the dilution series of 50 bp DNA. The resulting graph is almost linear and
we could fit the data with a straight line with sufficient accuracy. At high concentrations,
however, the graph is best described by a polynomial of 2™ order, since the quadratic term
accounts for concentration-dependent effects such as quenching or volume exclusion. The
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Fig 4. Diffusion coefficients of DNA solutions of different fragment sizes. The data were taken at 22°. The circles
correspond to the measurement data whereas the dotted line corresponds to the fitted model (f(bp) = a x bp® with
a=494.065and b = —0.567.

https://doi.org/10.1371/journal.pone.0231918.9004

linear model in the SI1 Appendix shows the derivation for bleaching correction with a linear
fit. In the following, however, we will continue to work with a polynomial of the form

I=f(C)=aC+bC*+ const (10)

to describe the 50 bp dilution series. I is the intensity and C is the concentration of the analyzed
solution. The y-axis intersection const is set to the background noise we observed for each
measurement. Fig 6 shows the intensities of all examined DNA dilution series. It is easy to see
that for increasing fragment lengths the slopes of the intensities decreases. This effect is most
probably due to photobleaching. For the determination of mass concentrations this poses a
problem, since the mean fragment length is decisive for the correct calibration curve. To com-
pensate for this effect, we rotate the fitted function I = f{C) of the 50 bp dilution series around
the z-axis intersection to describe the data of the other dilution series.

. C cos —sinf C
r/ = = RO? - (11)
g sinf  cosf I

where C' and I' are the measured concentration and intensity affected by photobleaching. By
inserting I = f(C) in Eq 11 and by translating it into the origin, we obtain for the expressions C'
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Fig 5. Intensities of 50 bp DNA dilution series. We used a polynomial with the shape I = f{C) = aC + bC” + const to fit the data. With
const = 16.42, we get a = a., = 2.68 and b = —0.0006.

https://doi.org/10.1371/journal.pone.0231918.9005

and I':

C'(0) = Ccost —Isinf = Ccost — (aC+ bC?)sind (12)

I'(0) = Csin0 + Icos0 = Csin0 + (aC+ b C?) cos 0 (13)

To express Eq 13 as a function of C', we resolve Eq 12 to C:

5 (—a+ cotf £ cscH\/(cosﬂ — asin0)” — 4bC’sin0>, for [0 # 0]
C(0) = (14)

C, for [0 = 0]

In our case 0 lies between [—arctana < 6 < Z — arctan a] because only values in the first
quadrant (positive concentrations and positive fluorescence rate) are reasonable. Furthermore,
we only consider positive values for a and concentration C, while b has to be minimal and neg-
ative (|b| < a). Last but not least, only the negative term of Eq 14 is reasonable. Thus, we dis-
card the positive term of Eq 14. By inserting Eq 14 into Eq 13 and by translating the expression
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bp, 6000 bp and 10000 bp DNA fragments. We rotate the polynomial fit (dotted line) of 50 bp DNA clockwise to describe the other dilution
series.

https://doi.org/10.1371/journal.pone.0231918.9006

back to const, we get:

re) = —ﬁ csc@(—cos0+asin0+ \/—4bC’sin9—|— (cosO — asin9)2>

(15)

X (acos@—l— cosOcotf + 2sin 6 — cotH\/—4bC’sin0+ (cos0 —asin6)2> + const

Eq 15 rotates Eq 10 around the z-axis intersection const. The validity of the approach is lim-
ited to functional areas where the rotated Eq 10 grows monotonously. For larger concentra-
tions the quadratic term starts to dominate and the approach is no longer valid. Eq 15 is then
fitted to the data of the remaining DNA dilution series (200 bp, 500 bp, 1000 bp, 2000 bp, 3000
bp, 6000 bp, 10000 bp) to get the rotation angle 6 for each fragment length (see Fig 6). We are
aware of the fact that we can fit each dilution series directly to a polynomial function without
the detour via rotation. But the procedure using one calibration curve and rotating it to fit the
data seems to be much more stable. The resulting rotation angle 8 for each dilution series pro-
vides the corresponding slope @sup1.. For this we rotate slope a around the angle 6.

cal

sin +a,cos0  tan0+a, (16)
cos —a_ sinf 1—a_tan0

cal

asample( ) =
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Fig 7. 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. Fitting Eq
18 to the data yields k;,, = 0.176, k;; = 19.016 and const = 0.257. The photobleaching effect affects the fluorescence rate
which is hence lower for longer diffusion times (larger molecules).

https://doi.org/10.1371/journal.pone.0231918.9007

Here, the slope a.,; = a comes from the 50 bp dilution series in Fig 5. Now, we plot the
resulting slope of each rotated curve against its diffusion time. The result is shown in Fig 7. It
can be clearly seen how the slope of the intensities of the dilution series decreases for increas-
ing diffusion times and accordingly for increasing fragment lengths. To model the photo-
bleaching as a function of 7, we employ a probability-based approach:

k
— 11—t 1
N(xp) = (1 - ) (17)

Here Nyis the average number of fluorescence photons and kand k;,; are the fluorescence
rate and bleaching rate, respectively [23]. By setting k,, = :—L and dividing the expression by

Tp, we obtain the rate of fluorescent photons depending on the diffusion time. Finally, the
introduction of a constant const is necessary to account for the fact that the fluorescence rate
for long diffusion times can never be zero but is approaching a limiting value. Bringing all
these considerations together, Eq 17 turns into:

k.
f(TD) = asample = ‘C;"f (]— - eikhl 1D) + const (18)
D

Fitting Eq 18 to the data yields: k;,,; = 0.1759, k;; = 19.0164 and const = 0.2571 (see Fig 7).
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Determining mass concentrations of mixtures

In this section we show that knowledge of the increasing bleaching effect for large DNA frag-
ments can be used to precisely determine the mass concentration of DNA mixtures. To deter-
mine the exact mass concentrations of a DNA sample of unknown composition, the following
steps are performed:

1. Measuring the fluorescence intensity I’
2. Determining 7p, by calculation of the autocorrelation and fitting the data to Eq 6
3. Calculating agple using Eq 18

4. Determining the angle of rotation 0 via a;apie and a.,; from the calibration (50 bp DNA)
using Eq 16
5. Calculating the corrected concentration C' via Eq 15 and I’
The fluorescence intensity I is obtained directly from the measurements. The mean diffu-
sion time 7p, for a sample is then determined from the measurements using the autocorrela-

tion. Eq 18 gives the characteristic slope @sqp for a given diffusion time 7. Now, resolving
Eq 16 to the angle of rotation 0 yields the reverse function 6:

_aca + asam {3
6 = arctan (#) (19)

cal “sample

By inserting @y from the step before and a,; from the 50 bp calibration measurement,
we get the resulting rotation angle 0 of the sample. To calculate the actual concentration of the
DNA sample, we use the reverse function C(6) of Eq 15:

C'(0) i(%C—zsg)282n0+4consttan041’tan02asm—:tar19

2sinftan%0 1
_%_E\/isino x { — 8b const cotOcsc’0 + 8b 1 cot O csc”0

s (20)
+csc%0 + a® csc®0 — cos (20) csc %0 4 a® cos (20) csc %0 + 2a csc 0 sin (20)}

X tan26)

Inserting the calculated angle 6 and the measured intensity I of the sample gives us the
mass concentration of the DNA sample.

Artificial DNA mixtures. To evaluate the procedure, we used a set of 11 DNA mixtures,
each in concentrations of 20 pg/ul, 50 pg/l, 100 pg/ul and 200 pg/ul. We conducted each mea-
surement five times and analyzed the fluorescence traces by means of FCS to determine the
corresponding diffusion time 7p,. Taking the median value of the five measurements, we calcu-
lated the corrected concentrations for each DNA mixture using the procedure described
above. 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 5) as calibration standard and calculated the concentrations of the DNA mixtures on the
basis of the fitted calibration measuring points. Fig 8 shows a comparison of the corrected
results versus the uncorrected results. The data for all 11 mixtures are documented in S1
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Fig 8. Results of the determination of mass concentration. The mass concentration of eleven DNA mixtures (2 pl
drops) with setpoint concentrations of 20 pg/ul, 50 pg/ul, 100 pg/ul and 200 pg/ul are determined. Comparison of our
calibration procedure to the uncorrected conventional procedure using the fluorescence intensity of 50 bp dilution
series (see Fig 5) directly to determine the mass concentration.

https://doi.org/10.1371/journal.pone.0231918.g008

Table in the S1 Appendix. For our procedure presented here, the deviation from the setpoint
concentrations were below 2.3% for the 50 pg/ul, 100 pg/ul and 200 pg/ul samples. Even for
the 20 pg/ul samples the deviation was below 8.6%. Without the bleaching correction, the
derived mass concentrations were significantly underestimated compared to the setpoint val-
ues and showed larger standard deviations.

Natural DNA mixtures. In order to test the applicability to natural mixtures, we per-
formed measurements on characterized NGS libraries. The libraries were diluted to 1:100, 1:50
and 1:20 of their original concentration and the mass concentration was determined. For this
purpose, we used the calibration measurement of the 50 bp DNA dilution series on the one
hand and the bleaching correction presented above on the other hand. The results are shown
in Fig 9. The complete data of all mixtures are documented in S2 Table in the S1 Appendix.
With the correction method presented here, empirical data are fairly close to the theoretical
mass concentrations, whereas with the conventional method, mass concentrations are system-
atically underestimated. The mass concentrations determined from the NGS libraries via the
bleaching correction have deviations of 1.2% to 4.7% percent from the expected concentra-
tions. These are very small deviations for highly diluted solutions, especially since the stock
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Fig 9. Averaged mass concentrations of dilution steps of 8 NGS libraries (2 ul drops). The concentration of the
stock solutions was 1000 pg/pl. The dilution steps were 1:100, 1:50 and 1:20 yielding 10 pg/pl, 20 pg/ul and 50 pg/pl.
Comparison of the new calibration procedure to the uncorrected conventional procedure to determine the mass
concentration.

https://doi.org/10.1371/journal.pone.0231918.g009

solutions of the libraries in our study were adjusted at significantly higher concentrations.
Other methods using the Qubit or Nanodrop, require either significantly larger sample vol-
umes or significantly higher concentrations of the initial solution to determine the mass con-
centration. For the analysis presented here, we only needed a total of 0.8 pl of the original
stock. This was enough to prepare and examine the 1:100, 1:50 and 1:20 dilutions in fivefold
preparations. In this way, as little as possible of the valuable sample is consumed; more sample
can be used for other purposes. Thus, our method of correcting for photobleaching is of partic-
ular interest if only small sample quantities are available or for other reasons only highly
diluted solutions can be investigated.

Final considerations

The method presented here can determine very low concentrations of nucleic acid (10 pg/ul)
in very small sample volumes (2 ul). However, various factors influence the calibration curve
required to correct for bleaching;: if they change, a new calibration is mandatory. In particular,

PLOS ONE | https://doi.org/10.1371/journal.pone.0231918  July 23, 2020 14/17


https://doi.org/10.1371/journal.pone.0231918.g009
https://doi.org/10.1371/journal.pone.0231918

PLOS ONE

Bleaching correction for DNA measurements

the slopes of the intensity curves depend on the laser power used. A low laser power leads to a
less pronounced bleaching effect. At the same time, however, the measuring accuracy deterio-
rates due to a decreasing S/N ratio. This requires a good balancing of the effects to achieve the
best results. Furthermore, the intercalators used for staining influence the bleaching correc-
tion. Due to different photo kinetics, the calibration curves need to be determined anew for
each dye. The same applies to the buffers used. It is well known that ions and other buffer com-
ponents have an influence on the brightness of the fluorescent dyes. Thus, the buffer used also
affects the correction. Another important factor is the maximum fragment length of the sam-
ples under study. As we explained above, the method is particularly well suited for solutions
with fragment lengths of <1000bp. With larger fragments, there is significant variability in the
measurements. Finally, we would like to point out that, besides photobleaching, the saturation
of optical intensity is an important factor for fluorescence intensity. While the saturation of
the fluorescence intensity only occurs at soaring laser intensities, significant parts of the mole-
cules can already change into long-lasting triplet states at considerably lower power levels.
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 in the bleaching correc-
tion. Due to the complex calibration necessary, the method presented here is appropriate
when only very small sample quantities are available for the analysis or when the parameters
are fixed in an established process. Also, the fragments under study should be smaller than
1000 bp. We believe that, due to these restrictions, the method presented here is particularly
well suited to quality control in NGS, where only very small sample quantities are available
and the fragment length mixtures under study average about 200 bp to 400 bp.

Conclusion

In this paper we presented a procedure to measure, with high accuracy, mass concentrations
of DNA in highly diluted solutions. The challenge is to correct for the 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 prop-
erties of the sample by means of fluorescence correlation spectroscopy. Then, using the mea-
sured diffusion time data, the measured fluorescence intensity data are corrected for the
bleaching effect. This allows a very precise determination of the mass concentration. For
diluted NGS libraries, we determined an average of 9.51 pg/pl, 19.8 pg/ul and 48.6 pg/ul, results
very close to the expected concentrations of 10 pg/pl, 20 pg/ul and 50 pg/ul, which we should
obtain from the 1:100, 1:50 and 1:20 dilutions of the 1000 pg/ul stock solutions. These are
remarkable results, considering that we conducted the measurements in tiny volumes of 2 ul
and only needed 0.8 pl to prepare the three dilution steps for the fivefold measurements. And
even measurements in 1 pl droplet volumes are feasible. This means that in the case of 10 pg/ul
our method only needs a 10 pg sample of DNA to provide accurate results without the cost of
expensive consumables. As it measures the average diffusion time for each sample, our method
allows, in principle, to calculate the average DNA fragment size of the sample and thus the
determination of the sample molarity. It is also thinkable to determine the degree of fragmen-
tation of nucleic acids in a sample. This opens up interesting application fields in DNA and
RNA extraction from rare samples such as tissue sections. Furthermore, this can help to avoid
time-consuming and expensive examinations using capillary electrophoretic methods, for
example. We believe that, as long as well-defined standard operating procedures can be fol-
lowed, our improved calibration method will make measuring molecular biological samples of
unknown sequence composition effortless, accurate and sample-saving when compared to
previous methods.
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