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DNase coatings show great potential to prevent biofilm formation in various applications of the medical
implant, food and marine industry. However, straightforward and quantitative methods to characterize
the enzymatic activity of these coatings are currently not available. We here introduce the qDNase assay,
a quantitative, real-time method to characterize the activity of DNase coatings. The assay combines (1)
the use of an oligonucleotide probe, which fluoresces upon cleavage by coated DNases, and (2) the
continuous read-out of the fluorescent signal within a microplate fluorometer format. The combination
of these two properties results in a real-time fluorescent signal that is used to directly quantify the
activity of DNase coatings. As a proof of concept, bovine DNase I coatings were immobilized on titanium
by means of chemical grafting and their activity was estimated at 3.87� 10�4 U. To our knowledge, the
qDNase assay provides the first approach to report the activity of a DNase coating in absolute DNase
activity units. This assay will not only serve to compare existing DNase coating methods more accurately,
but will also enable the rational design of new DNase coating methods in the future.

© 2020 Elsevier Inc. All rights reserved.
1. Introduction

Enzyme-based coatings have high potential for the develop-
ment of next generation biofilm prevention strategies. Preventing
microbial biofilms is of critical importance for a range of industries,
including the medical implant, food and marine industry [1e3].
Within the context of infectious diseases and the emergence of
antibiotic resistance, several types of enzymes have been identified
to effectively target the bacterial biofilm mode-of-growth, either
directly (bactericidal) or indirectly (targeting key components
within the biofilm matrix) [4e6]. A combination of their low pro-
pensity to resistance development, limited toxicity and low envi-
ronmental impact has attracted the interest for these anti-biofilm
enzymes. Moreover, when applied as a local coating on the device
of interest, these enzymes will be available at the site and time of
biofilm establishment.
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One type of effective anti-biofilm enzymes are de-
oxyribonucleases (DNases). DNases degrade extracellular DNA, a
component of the biofilm matrix that contributes to biofilm attach-
ment, structural stability and increased antimicrobial resistance [7].
Accordingly, DNase treatments can effectively prevent, disrupt and
sensitize biofilms of various species, including Pseudomonas aerugi-
nosa and Staphylococcus aureus,which are two of the most prevalent
species in implant-associated infections [8e10].Recently, anumberof
anti-biofilm DNase coatings have been developed on a range of
polymeric substrates, such as polymethylmethacrylate (PMMA),
poly(styrene-b-isobutylene-b-styrene) (SIBS) and poly-
dimethylsiloxane (PDMS), aswell asmetals, such as titanium. Coating
strategies included immobilization through chemical grafting for
permanent DNase activity at the surface or incorporation in a
biodegradable poly-(lactic-co-glycolic)-acid (PLGA) overcoat allow-
ing a gradual DNase release from the surface [11e15].

Despite this clear interest in DNase coatings as anti-biofilm
strategy, a straightforward and quantitative assay to measure the
enzymatic activity of DNaseecoated surfaces is currently unavailable.
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In traditional assays to detect the activity of DNase coatings, a DNA-
containing solution is brought into contact with the coated surface.
At distinct timepoints, samples are taken and analyzedbyagarose gel
electrophoresis to observe the degradation of the substrate DNA
[11,15]. Although this assay can provide some semi-quantitative in-
formation on the reaction progress, manual sampling limits the
number of time points, causing valuable information to be lost. In
addition, it reduces the assay reproducibility and limits the
throughput of coatings that can be assessed in parallel.

To address these limitations, we here introduce a straightfor-
ward and quantitative assay to measure the activity of DNase-
coated surfaces in real-time. This assay allows objective evalua-
tion of existing DNase coatings and will enable rational optimiza-
tion of new DNase coating strategies.
2. Materials and methods

2.1. Preparation of DNase coatings on titanium

DNases were immobilized on commercially pure titanium discs
(grade 2, Ø¼ 5mm, thickness¼ 2mm; Salomon’s Metalen, the
Netherlands) by means of chemical grafting. To obtain a repro-
ducible surface finish on the substratematerials, discs were grinded
using an automatic polishing machine (Struers, Denmark), equip-
pedwith resin bonded diamond grinding discs (MD-Mezzo 220 and
MD Largo; Struers). This was followed by polishing with an Oxide
Polishing Suspension (OPS) of colloidal silica (Microdiamant, Ger-
many) and hydrogen peroxide (Chem-Lab, Belgium) mixture (30%
H2O2, 70% OPS) on a polishing cloth (Galaxy Polishing Cloth Omega;
Advanced Metallography, Germany). Afterwards, discs were ultra-
sonically cleaned (Branson 2510, USA) in ultrapure water (Milli-Q;
Merck Millipore, USA) and technical ethanol (Disolol; Chem-Lab)
for 10min each. To covalently couple DNase I molecules to the ti-
tanium surface, polished titanium (Pol-Ti) surfaces were first
functionalized using dopamine (DA, 99%; Alfa Aesar, USA). To this
end, discs were immersed in a dopamine solution (1mg/ml in
10mM Tris-HCl, pH 8.5) for 24 h in the dark. Dopamine-
functionalized titanium (DA-Ti) discs were rinsed, dried and then
stored at 4 �C until use. Finally, DA-Ti discs were immersed in 5ml
of a 35 U/ml bovine DNase I (2814 U/mg, D5025; Sigma-Aldrich,
USA) solution in phosphate buffer (4.6mMK2HPO4, 5.4mM
KH2PO4, 150mM NaCl, 10mM MgCl2, pH 6.8) for 6 h at room tem-
perature. The DNase-coated titanium (DNase-Ti) discs were rinsed
in Milli-Q to remove excess DNase, dried and immediately used for
activity assessment.
Table 1
Settings of the microplate fluorometer.

Kinetic settings

No. of cycles
Cycle time
No. of flashes per well and cycle
Temperature
Optic settings
Excitation (wavelength - bandwidth)
Dichroic filter
Emission (wavelength - bandwidth)
Gain
Focal Height
Reading mode
Shaking settings
Timing
Movement
Frequency
Time

2

2.2. Activity assessment of DNase-Ti

Analysis of DNase-Ti using the qDNase assay. Discs were carefully
placed in a separate well of a black polystyrene 96-well plate
(Nunc™, Thermo Scientific, USA). A 100 ml volume of the reaction
mixture (200 nM DNaseAlert™ substrate in 1x DNaseAlert™
buffer; IDT, USA) was added to each well and the fluorescent signal
was measured with the CLARIOStar plus multimode microplate
reader (BMG LABTECH, Germany) (Table 1). Four replicate DNase-Ti
discs were analyzed in parallel using Pol-Ti as a negative control.
The activity of DNase-Ti was converted to equivalent activity units
of free DNase I using a calibration curve. For this, five linear di-
lutions of DNase I were prepared in phosphate buffer and 10 ml was
added to a reaction mixture (200 nM DNaseAlert™ substrate in 1x
DNaseAlert™ buffer) in a total volume of 100 ml. The fluorescent
signal of each DNase I standard was measured using the same
settings as described above in the presence of Pol-Ti. Phosphate
buffer served as a negative control.

Analysis of DNase-Ti using the traditional assay. A 40 ml solution of
90 ng/ml lambda DNA (Thermo Scientific) in Tris buffer (10mM Tris-
HCl, 2.5mM MgCl2, 0.1mM CaCl2, pH 7.5) was placed on each disc
and incubated at 37 �C. At 0, 15, 30, 60 and 90min, 5 ml aliquots
were analyzed by agarose gel electrophoresis using a 1% agarose
gel. Four replicate DNase-Ti discs were analyzed in parallel using
Pol-Ti as a negative control.
2.3. Data analysis

Data analysis was performed using Microsoft Excel 2016. To
quantify the activity from a negative control-corrected fluorescence
curve, the initial reaction rate was calculated as the slope of the
linear region. The most reliable linear region was selected by using
the dataset with maximized R2-value [16]. The calibration curve
was obtained by plotting the initial reaction rates of the DNase I
standards against their corresponding activity in units. A regression
analysis was performed to estimate the calibration function, which
allowed to predict the DNase-Ti activity in absolute DNase I units.
Standard deviation of predicted activity was calculated using the
following equation (Eq. (1)) [17]:

sx0 ¼
sðrÞ
m

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N
þ 1
n
þ ðy0 � yÞ2
m2

Pn
i¼1ðxi � xÞ2

vuut (1)

where sðrÞ is the standard error of the fitted calibration function,m
is the slope of the fitted calibration function, N is the number of
480
15 s
20
37 �C

520 nme20 nm
542.5 nm
570 nme30 nm
Enhanced Dynamic Range
7.0mm
Top

Before each cycle
Double orbital
300 rpm
5 s
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measured DNase-Ti replicates, n is the number of paired calibration
points, y0 is the average initial reaction rate of the N DNase-Ti
replicates, y is the average initial reaction rate of the n DNase I
standards, xi is the activity of a DNase I standard in absolute units
and x is the average activity of the n DNase I standards. Data vi-
sualizations were made with GraphPad Prism 8.4.3.

3. Results

To evaluate the qDNase assay in a proof-of-concept set-up, the
activity of DNase-Ti discs was assessed using both the traditional
assay and the qDNase assay. Pol-Ti discs were used as a negative
control in both assays. In the traditional assay, the reaction progress
was followed at distinct time points by visualizing the DNA pattern
that resulted from degradation of the DNA solution by DNase-Ti
(Fig. 1, Supplementary Fig. S1). Although this information would
allow to evaluate different coatings as ‘more active’ or ‘less active’
to a certain extent by e.g. densitometric analysis, this assay fails to
make a quantification of the coating activity and does not provide
accurate real-time insights.

In the qDNase assay, the reaction progress was tracked in real-
time by measuring the increase in fluorescent signal, resulting
Fig. 1. Analysis of DNase-Ti activity using the traditional assay. Agarose gels show the
degradation of 3.6 mg substrate DNA after 0, 15, 30, 60 and 90min by DNase-Ti. Pol-Ti
was used as a negative control (See Fig. S1 for additional replicates).

Fig. 2. Quantitative real-time analysis of DNase-Ti activity using the qDNase assay. (A) Th
cleotide probe by DNase-Ti, was measured continuously for 2 h. Background correction was
curve to convert initial reaction rate to absolute DNase activity in units, based on a linear d

3

from the fluorescent oligonucleotide probe degradation by DNase-
Ti (Fig. 2A, Supplementary Fig. S2). To quantify the DNase-Ti ac-
tivity, the initial reaction rate was calculated as the slope of the
linear region of the resulting dataset (Supplementary Excel Sheet
1). Applying this to the four replicates, an initial reaction rate of
29.4± 4.7 RFU/s was obtained. To calculate the absolute activity of
the coating in equivalent units of free DNase, a calibration curve
was required. This curve was set up by measuring the activity of a
range of DNase I standards, using identical reaction conditions and
microplate reader settings. Next, the initial reaction rates obtained
were plotted against the corresponding DNase I activity to establish
a calibration curve (Fig. 2B, Supplementary Excel Sheet 2). From the
identified function, the absolute activity of the DNase-Ti discs could
be estimated at 3.87� 10�4 ± 0.31� 10�4 U (Fig. 2B).
4. Discussion

Based on this proof of concept, it is clear that the qDNase assay is
a straightforwardmethod to obtain new insights in DNase coatings.
From a fundamental perspective, the assay enables the kinetic
behavior analysis of coated DNase. Indeed, although coating stra-
tegies can substantially change enzyme kinetics, the influence of
different coating strategies on DNase kinetics remains largely un-
explored. From an application perspective, the assay allows objec-
tive comparison between different DNase coatings [11e15]. In
addition, it can guide the rational design of novel coating strategies
by optimizing different process parameters (e.g. coating technique,
enzyme concentration, process duration, etc.). Indeed, by esti-
mating the absolute activity of DNase-Ti, we indicated that the
activity yield of the used immobilization technique is only
0.00022%, leaving plenty of room for optimization of DNase coating
strategies. Moreover, the qDNase assay can serve to evaluate several
application-oriented characteristics of DNase coatings, like activity
in the presence of different additives or optimal storage conditions.

With this assay, we introduce a new application of the DNa-
seAlert™ probe. Originally, this product is sold as a rapid DNase
detection agent. In addition, its application to measure kinetics of
soluble DNases has been previously reported [18,19]. To our
knowledge, this is the first report that uses this probe to charac-
terize coated DNases. This choice of probe offers several advan-
tages. First, a fluorescent signal is compatible with the presence of
non-transparent coating substrates, like the commonly used
stainless steel and titanium. Second, the probe bypasses the use of
traditional nucleic acid dyes for DNA detection, which greatly
simplifies optimization of the assay and interpretation of the
e increase in fluorescence, resulting from the degradation of the fluorescent oligonu-
performed in parallel with Pol-Ti (See Fig. S2 for additional replicates). (B) Calibration
ilution series of known DNase activities.
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results. Third, traditional nucleic acid dyes are generally mutagenic,
requiring additional biological safety requirements and limiting the
reusability of coatings and coated substrates. Similar DNase
detection agents, such as DNaseAlert™QC system (Ambion), DNase
I assay kit (Abcam) and DNase Detection Kit (Jena Biosciences), are
available and are expected to be compatible with the qDNase assay.
In addition, it can be envisioned to expand this assay to different
enzymes, as fluorescent probes have been designed to detect a
wide range of enzymes (e.g. proteases, glucosidases, etc.) [20].

The fluorescent signal is measured here in a microplate reader
format. In contrast to the traditional assays, this set-up circumvents
the need to take samples at individual time points, and provides
real-time information. In this way, it reduces effort and improves
reproducibility. Moreover, since multiple reactions can be
measured in parallel, the throughput of the assay increases sub-
stantially. In the described proof of concept, we used titanium discs
that precisely match the dimensions of a 96-well plate. However,
different set-ups for larger coated substrates can be envisioned by
using microplates with larger wells. Alternatively, when a micro-
plate fluorometer is not available, the assay can also be read using
any other device that measures fluorescence. Nevertheless, we
believe that the set-up reported here requires the least substrate
and obtains measurements under the most controlled conditions
with a maximal throughput.

In conclusion, by combining the use of a fluorescent oligonu-
cleotide probe with a continuous signal read-out, we introduced
the qDNase assay to quantify the activity of DNase coatings. This
assay will not only serve to compare existing DNase coating
methodsmore accurately, but will also enable the rational design of
new DNase coating methods in the future.
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