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ABSTRACT: Carbapenem-resistant Enterobacteriaceae have become recently an important cause of morbidity and mortality due 
to healthcare-associated infections. Most commonly used diagnostic methods present time-to-result incompatible with fast and 

accurate directed therapy. We report here the direct identification of the blaOXA48 gene, which codes for the carbapenemase 

OXA-48, in lysate samples from Klebsiella pneumoniae. The method is PCR-free and label-free. It is based on the measurement of 
changes in the stiffness of DNA self-assembled monolayers anchored to microcantilevers that occur as a consequence of the 

hybridization. The stiffness of the DNA layer is measured through changes of the sensor resonance frequency upon hybridization 

and at varying relative humidity. 

The global spread of drug resistant pathogens has been 
recently identified as a major public health concern.1 By 2050 

more than 10 million deaths all over the world are expected 

due to these microorganisms.2 Among them, carbapenem-
resistant Enterobacteriaceae have become resistant to most 

available antibiotics and have been globally reported.3-5 The 

Enterobacteriaceae are among the most abundant commensal 
microorganisms in the human body and the main cause of 

serious nosocomial infections in humans.6 Carbapenem is 

commonly used as a last resort antibiotic when infections are 
produced by β-lactamase-producing organisms and other 

antibiotics are not effective. Though there are different 

mechanisms responsible for the resistance to carbapenems, 

such as porin loss or overexpression of drug excretion 
systems, carbapenemase production is the most important 

mechanism.7 Carbapenemase producers are resistant to all or 

most β-lactams and usually associate resistance to most of the 
non-betalactams antibiotics, leaving very few therapeutic 

options to treat hospitalized patients, to which they mainly 

affect, and leading to high mortality rates.8 Tackling the fast 
detection of these resistant strains is of paramount importance 

to prevent their evolution, dissemination and transmission.  

Most commonly used diagnostic methods rely on the detection 

of phenotypic resistance on bacterial cultures.9 There are 
different classes of carbapenemases. OXA-48 is a prevalent 

carbapenemase that has caused outbreaks of antibiotic 

resistant bacteria worldwide.10 This carbapenemase is encoded 
by the blaOXA48 gene, which is carried and transferred by a ~ 

63 kb plasmid. OXA-48 producers are likely the most difficult 

carbapenemase producers to be identified by phenotypic 
techniques due to their particular combination of 

susceptibilities and resistances and the slight increases in 

carbapenem MICs (minimum inhibitory concentrations).11 
Phenotypic methods are often time-consuming (results may 

delay up to 18 h), thus the time needed to yield results is 

incompatible with a fast treatment decision. Moreover, these 
tests cannot discriminate types within each class of 

carbapenemases and they are also unable to confirm in a single 

test the occurrence of OXA-48 carbapenemase.12-15 Thus, a 
molecular approach to detect OXA-48 producers is required. 

Molecular diagnostic methods, such as conventional PCR and 

RT-PCR, are more reliable for carbapenemase identification 
due to their high sensitivity and specificity.16-19 Still, the 

susceptibility to contamination and the polymerase reaction 

inhibition by molecules present in clinical samples (e.g. 

haemoglobin, heparin, IgG, lactoferrin, among others) affect 
their efficiency and the limits of detection achieved.20-21 

Moreover, the time needed to obtain the results with 

conventional PCR ranges from 2 to 6 h.13,22 RT-PCR is faster 
but also more costly.23 Addressing effective detection of 

OXA-48 necessarily implies the development of a specific, 

fast, portable and cheap biosensing device. PCR-free and 
label-free novel methodologies for the detection of 

carbapenemase producers are under development. For 

instance, methods based on mass spectrometry (MALDI-

TOF),24-25 electrochemistry15 or immunochromatography.26 
However, they have not been established yet as alternative 

techniques to the most used methods.13  

Microcantilevers have proven to be highly sensitive label-free 
biosensors for microbial DNA detection27-29 and have the 

potential for developing instruments suitable for both 

laboratory and point-of-care testing. Here we report the label-
free and PCR-free detection of blaOXA48 gene using total 

extracted DNA from carbapenem resistant Klebsiella 



 

pneumoniae (KP) cultures. We apply concepts recently 
demonstrated with synthetic oligonucleotides,30 demonstrating  

that the differences in the mechanical properties of ssDNA 

probe layers and their hybridized counterparts, measured 
experimentally as frequency shifts, can be harnessed to 

discriminate the presence of specific long DNA fragments 

(200-300 bp) belonging to blaOXA48 gene in complex samples. 

EXPERIMENTAL SECTION 

Surface functionalization. Arrays of eight silicon 

microcantilevers with 20 nm gold coating were purchased 

from Micromotive (Germany). The cantilevers are 500 μm 
long, 90 μm wide and 1 μm thick. Since the cleanliness of the 

gold surface affects the mechanical response of the 

cantilevers, prior to its use, cantilever arrays were deeply 
cleaned by two consecutive procedures that remove organic 

contaminants. They were immersed in acetone and isopropyl 

alcohol; dried under a stream of dry nitrogen and irradiated in 

a UV-Ozone cleaner for 1 hour.  

K. pneumoniae duplicates each 1 hour approximately in solid 

rich medium during exponential phase31 and clinical samples 

are often obtained from culture. Since the growth rate is not a 
limiting factor for this pathogen, we have focused our efforts 

in achieving good sensitivity and specificity rather than an 

ultra-low limit of detection. For this purpose, we have 
designed three probe sequences, OXA48_p1, OXA48_p2 and 

OXA48_p3 (see Table S1 in Supporting Information), that 

were immobilized onto the gold-coated microcantilevers. The 
three probe sequences were diluted in the degassed 

immobilization buffer and mixed in 1:1:1 proportions to a 

final DNA concentration of 5 μM. The cantilever arrays were 

incubated in the probe DNA solution for 135 min. The 
incubation was carried out at 25ºC under agitation. 

Afterwards, the arrays were cleaned with wash buffers WB1 

and WB2 (see Supporting Information) for 5 and 20 minutes, 
respectively, to wash out the physisorbed DNA away from the 

microcantilever surface and finally rinsed with plenty of Milli-

Q water. Cleansing steps were carried out at 25 ºC as well. In 
order to determine the packing density of DNA probes at the 

cantilever surface we have performed a quantitative 

characterization of the DNA film by X-ray photoelectron 

spectroscopy (XPS). See S4 in Supporting Information for 

more details.  

Preparation of target DNA and hybridization conditions. 

Several clinical isolates were obtained from the culture 
collection of the Microbiology Department of Hospital La Paz 

(Madrid, Spain) from OXA-48 positive and OXA-48 negative 

KP cultures. OXA-48+ isolates are carbapenemase producers, 
hence resistant to carbapenems, and OXA-48- isolates are 

susceptible to carbapenems, since they do not produce 

carbapenemase enzymes. Several KP colonies were taken 

from blood agar plates, resuspended in phosphate buffered 
saline (PBS) and boiled for 15 minutes. The experiments were 

performed with different samples: one sample type contained 

purified DNA and the other one, boiled bacterial lysates with 
the DNA mixed with bacterial debris. The UltraClean® 

Microbial DNA Isolation Kit (MoBio) was used for DNA 

purification.  

The DNA concentrations were measured with a 

spectrophotometer, NanoDrop 2000 (Thermo Fisher), by 

means of its absorbance at 260 nm. The DNA was partially 
digested with the restriction enzyme FastDigest Hin6I 

(Thermo Fisher) following the recommendations given by the 

manufacturer. The FastDigest Hin6I restriction enzyme 
recognizes G^CGC sites and splits the blaOXA48 gene in 

three fragments, being each of them complementary to one of 

the probe sequences. Prior to hybridization, the DNA was 

denatured at 95 ºC for 5 min and placed on ice for 2 min. 
Then, it was diluted directly to a final DNA concentration of 

200 ng/mL in TE-NaCl 0.5 mM buffer and mixed vigorously 

to homogenize the solution. Hybridization was performed at 
30 ºC for 45 min under agitation. After hybridization, the 

cantilever arrays were cleaned with low and high stringency 

hybridization wash buffers (WB1 and WB2) for 5 and 15 
minutes, respectively, and extensively rinsed with Milli-Q 

water. The higher stringency wash was carried out at the 

hybridization temperature (30 ºC), while the lower stringency 

wash was performed at 25 ºC. 

Measurement setup and experiments performed. The 

experiments for the detection of the blaOXA48 gene have been 

addressed through the measurement of both the surface stress 
and the fundamental resonance frequency shift of 

microcantilevers functionalized with the probe DNA upon 

hydration before and after incubation with samples coming 
from resistant (OXA-48+) and susceptible (OXA-48-) K. 

pneumoniae isolates. Figure 1 shows a depiction of the 

experiments carried out. The measurements were performed 
simultaneously in homebuilt equipment with capability for 

read-out of single chips of eight cantilevers. The read-out is 

based on the optical beam deflection method. A laser is 

focused onto the free end of the cantilever beam and its 
reflection is collected by a position sensitive detector (PSD). 

In order to prevent artifacts in the resonance shifts due to the 

non-uniform response of the PSD over its total surface, we 
have introduced in the optical path two mirrors actuated by an 

automatized motor in a feedback closed loop configuration, so 

the laser spot is centered on the PSD at any time.30 The input 
signal of the mirror angle is translated into the static deflection 

of the cantilever, whereas the resonance frequency is obtained 

by the Fast Fourier Transform (FFT) of the signal from the 

PSD and it is free from undesirable artifacts (see reference 30 
for further details). The system was equipped with an 

environmental chamber with the capability to keep the 

temperature at 25.00 ± 0.02 °C and to change relative 

humidity at a rate of 10.00 ± 0.08% min−1.   

 

Figure 1. Depiction of the experiments performed for the 

detection of the plasmid harboring the blaOXA48 gene.  



 

To account for the change of the thickness of the DNA layers, that 

in turn affects the mechanical properties of the cantilevers, we 

have characterized gold coated surfaces selectively immobilized 

with ssDNA and those after hybridization by means of Atomic 

Force Microscopy (AFM). See S5 in Supporting Information for 

details. 

RESULTS AND DISCUSSION 

Static mode. Microcantilevers sensitized with probe ssDNA 
measured in the static mode have proven successful 

ultrasensitive detection of purified genomic DNA.27, 32 

Specifically, the measurement of the surface stress upon 

hydration before and after hybridization has been used by the 
authors to detect the pathogen Mycobacterium tuberculosis 

and to discriminate the presence of a single mismatch with 

high sensibility and specificity.27 Given the good results 
achieved working with the static mode, as a first approach we 

have attempted to detect the plasmid measuring the difference 

in the surface stress generated with hydration after 

hybridization. For details, see references 27, 33. 

Figure 2 shows the representative surface stress curves 

obtained with a relative humidity cycle for the 

microcantilevers sensitized with the mixture of ssDNA probes 
(black line in a) and b)) and after incubation with purified 

DNA from OXA-48+ KP isolates (green line in a)), which 

contain the plasmid harboring the blaOXA48 gene; and OXA-48- 
KP isolates (red line in b)). In order to reduce the preparation 

time, the immobilization time of the ssDNA probes has been 

reduced to 135 min, as mentioned in the experimental section. 
Note that immobilization for ex situ static nanomechanical 

measurements has been commonly carried out overnight.27, 33-

34 Given this, the surface densities achieved, measured by XPS 
as described above, range from 1.4 to 7.2 x 1012 

molecules/cm2. In-plane forces between the tethered ssDNA 

strands, generated by changes in the conformational entropy 

due to their hydration, result in an effective change of the 
cantilever surface stress that gives rise to the cantilever 

bending. The interaction forces, and thus the surface stress, 

critically depend on the conformation of the DNA layers.33, 35 
In order to reduce the analysis time, and thus increase the 

interest for clinical applications of the device, the 

hybridization time has been reduced to 45 min. At the probe 
densities mentioned above, this hybridization time allows the 

molecules involved to complete the formation of the double 

helix, resulting in an increase of the persistence length of the 

DNA molecules. These layers formed by stiffer rods give rise 
to a decrease of the surface stress, with respect to the ssDNA 

layers response, as can be seen in Figure 2 a).  

 

Figure 2. Representative curves of microcantilever surface 
stress upon hydration before and after incubation with purified 

DNA from a) OXA-48+ KP isolates (green line), which 

contain the plasmid harboring the blaOXA48 gene; and b) OXA-
48- KP isolates (red line), which do not contain the plasmid 

harboring the blaOXA48 gene. The black line corresponds to the 

response of the microcantilevers sensitized with the mixture of 

the ssDNA probes.   

The sensor signal in static mode, ΔS, has been defined as 

described previously33 (see ΔS in Figure 2). Figure 3 shows 

the sensor signal ΔS obtained for the microcantilevers 
incubated with extracted and purified DNA samples from 

OXA-48+ (green circles) and OXA-48- (red circles) KP 

isolates; and for the microcantilevers incubated with bacterial 
lysate samples from OXA-48+ (green hexagons) and OXA-48- 

(red hexagons) KP isolates. By defining the detection 

threshold value for the sensor signal ΔS as the mean value of 

the signals obtained for the OXA-48- samples plus twice the 
standard deviation, in the purified DNA assay the rate of true 

positives and true negatives in this small pool of tests (50 

cantilevers, belonging to 8 arrays) is 0.90 and 0.93, 
respectively; while in the bacterial lysate assay is 0 and 1, 

respectively. Hence, though the method based on the 

measurement of the surface stress allows to discriminate the 
presence of the blaOXA-48 gene in a sample containing purified 

and digested DNA, in the present experimental conditions it is 

not able to detect the gene in the more challenging cellular 

lysate sample. 

 

Figure 3. Nanomechanical static detection of the plasmid 

harboring the blaOXA-48 gene from KP. It is shown the average 
value and standard deviation of the sensor signal ΔS obtained 

for the microcantilevers incubated with extracted and purified 

plasmid samples from OXA-48+ (green circles) and OXA-48- 
(red circles) KP isolates; and for the microcantilevers 

incubated with bacterial lysate samples from OXA-48+ (green 

hexagons) and OXA-48- (red hexagons) KP isolates.    

Dynamic mode. Both dynamic and static measurements were 
done simultaneously. Figure 4 a) and b) shows the 

representative resonance frequency curves obtained under a 

relative humidity cycle for the microcantilevers sensitized 
with the ssDNA probes (black line in a) and b)) and after 

incubation with purified DNA from OXA-48+ KP isolates 

(green line in a)), which contain the plasmid harboring the 



 

blaOXA48 gene; and OXA-48- KP isolates (red line in b)). The 
shadowed area represents the standard deviation obtained for 

the 8 microcantilevers measured within one array. The curves 

are referenced to the initial dry state. 

We have shown recently that intermolecular forces in DNA 

layers upon hydration give rise to a collective elastic 

behaviour, which in turn affects the resonance frequency of 

the microcantilevers.30 The resonance frequency of a 
cantilever shifts as a consequence of changes in the effective 

mass and stiffness of the resonator. The effective stiffness is 

affected by changes in both the thickness and the elastic 
properties of the biological layer adsorbed onto the cantilever. 

Young´s modulus can be understood as the result of the sum 

of the intermolecular forces acting in the layer. As 
intermolecular forces depend directly on intermolecular 

distances, the stiffness effect is also surface-density 

dependent. Moreover, these forces are largely affected by the 

hydration state, as water molecules intercalate between DNA 
strands and mediate DNA-DNA interactions. As mentioned 

above, the probe densities used here are between 1.4 and 7.2 x 

1012 molecules/cm2. At these low packing densities, due to the 
large intermolecular distances, the contribution of DNA-DNA  

intermolecular forces, and thus, both the Young´s modulus and 

the thickness of the layer, do no dominate the resulting 
resonance frequency of the system. Therefore, hydration of the 

ssDNA layer shifts the resonance frequency towards lower 

values, compared to the bare gold response, due to the added 
mass of water molecules that increase the effective mass of the 

resonator (black lines in Figure 4 a) and b). As we can see in 

Figure 4, the frequency decreases ~180 mHz for the 

cantilevers shown in a) and ~100 mHz for those shown in b). 
We attribute the variability in the frequency shift upon 

hydration among different microcantilever (shadowed area) to 

differences in the packing density. As hybridization increases 
the persistence length of the DNA and has a shielding effect 

over the intermolecular interactions between ssDNA strands, 

both the thickness and the Young´s modulus change with the 
transition from ssDNA to dsDNA layer. This difference in the 

mechanical properties, as well as differents in the adsorption 

of water molecules from both ssDNA and dsDNA layer,  

results in a frequency shift that allows detecting target DNA 
molecules by their hybridization with the probe DNA layer.30 

We have previously demonstrated the detection of target 

oligonucleotides by measuring the frequency shift upon 
hydration of microcantilevers sensitized with probe ssDNA 

before and after incubation with the complementary 

sequences.30 Here, we have applied the methodology based on 
the measurement of the frequency shift upon hydration to the 

direct detection of the blaOXA-48 gene in bacterial lysate 

samples, eliminating the need for DNA purification.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Representative curves of microcantilever frequency 

shift upon hydration before and after incubation with purified 

plasmids from a) OXA-48+ KP isolates (green line), which 

contain the plasmid harboring the blaOXA48 gene; and b) 
OXA-48- KP isolates (red line). The black line corresponds to 

the response of the microcantilevers sensitized with the 

ssDNA probes.  Cantilevers incubated with OXA-48+ samples 
show a frequency shift of 400 mHz at the maximum RH. 

Cantilevers incubated with OXA-48- samples show a 

frequency shift of 100 mHz, within the measurement error and 
mainly due to non-specific adsorption. The inset depictions 

represent the status of the (a) hybridized DNA layer and the 

(b) non-hybridized DNA layer after incubation with the 

plasmidic DNA. The curves are referenced to the dry state. c) 
Finite element simulations of the relative frequency shift as a 

function of the relative humidity. The black solid line 

corresponds to the probe ssDNA, whereas the green dashed 
line represents the frequency shift after incubation with the 

target molecule. 

The DNA molecules targeted here are between 200 – 300 
bases in length, while the probe ssDNA molecules are 30 

bases long. After hybridization, since it occurs only in 30 

bases of the target DNA, we hypothesize most of each target 

molecule lies over the DNA probe layer at the dry state (see 
schematics inset in Figure 4 a). With hydration, the 

polyelectrolyte swells and the persistence length decreases, 

giving rise to an increase of the intermolecular forces and thus 
of the thickness. Hence, due to this thickness increase upon 

hydration, the stiffness effect dominates over the mass effect 

and the resonance frequency goes to higher values with RH. 
As Figure 4 a shows, the resonance frequency of the 

hybridized cantilevers increases ~200 mHz at the maximum 

relative humidity (70%), giving a difference between the 
ssDNA and the hybridized layer of about 380 mHz. In Figure 

4 b) we see a difference in the resonance frequency of about 

100 mHz, that is within the measurement error and can be 

attributed to unspecific hybridization or adsorption.  



 

To prove the consistency of our hypothesis we have measured 
the thicknesses of the DNA layers before and after 

hybridization and at two different relative humidities (2% and 

54%) by AFM (see S5 in Supporting Information); and we 
have performed theoretical simulations to account for the shift 

in frequency considering the thickness variations measured. 

For the theoretical simulations we have used a combination of 

finite element simulations (FEM) and molecular dynamics 
(MD) as described in reference.30 By using the expressions 

described in previous work in literature, we have all the 

necessary elements to simulate the response of a 
nanomechanical resonator with an attached effective polymer-

like layer varying its thickness, Young’s modulus and mass 

density as function of the surrounding relative humidity. 
Figure 4 c) shows the FEM simulations of a cantilever with 

the same dimensions than the experimental device (500 μm 

long, 90 μm wide and 1 μm thick). In black solid line, we can 

see the effect on the resonance frequency of increasing relative 
humidity in ssDNA layer on top of the cantilever. In order to 

mimic the experimental conditions, the molecular surface 

probe density used in this case is of 4 x 1012 molecules/cm2, 
with a thickness of 2.5 nm with a variation two times lower 

with relative humidity than that obtained for the hybridized 

layer, as indicated by our AFM measurements (supplementary 
material). The Young’s modulus of the ssDNA layer 

asymptotically grows until a saturation value of 12 GPa with 

increasing humidity. The negative frequency shift shown in 
the simulation is mainly due to the added mass of the water 

molecules during the hydration cycle. We have also calculated 

the relative frequency shift corresponding to the simulated 

absorption of the target layer, which is also shown in Figure 4 
c) as green dashed line. In this case, we have considered the 

variation of the thickness along the hydration cycle ranges 

from 2.8 nm at low RH to 3.3 nm at the maximum RH, as 
obtained through the complementary AFM experimental 

measurements. From previous work, we can expect that the 

hybridized part of the probe strands of 30 bp leads to an the 
effective Young’s modulus of the dsDNA layer is one order of 

magnitude lower than the single stranded layer due to the 

shielding effect, as shown in reference 30, however since the 

length of the target molecule is 10 times larger than the 
ssDNA probe, most of the strand remains unhybridized over 

the ssDNA probe layer, behaving like a single stranded 

molecule that swells with hydration (see references 33 and 36). 
Thus, similarly to the ssDNA layer the Young’s modulus of 

the hybridized layer asymptotically grows until a saturation 

value of 11 GPa with hydration (see supplementary 
materials,). This single-stranded region of the target is 

responsible for the observed thickness variations with RH by 

AFM. On the contrary, the dsDNA monolayers of 

oligonucleotides of comparable length to the target molecules 
show negligible variation with relative humidity, due to the 

increased stiffness of the dsDNA molecule and the shielding 

effect of the double helix conformation for the inter-strand 

forces.30 

As this different mechanical behaviour of the resonator at the 

fully hydrated state as a function of the hybridization has 
allowed to discriminate the presence of the blaOXA-48 gene in 

samples containing purified DNA, we have arbitrarily defined 

our sensor signal, ∆𝑓70 , as the difference of the resonance 
frequency value at 70% RH between the ssDNA hydration 

curve and the curve obtained after the incubation with the KP 

sample, ∆𝑓70 =  ∆𝒇𝒅𝒔𝑫𝑵𝑨,𝟕𝟎%𝑹𝑯  − ∆𝒇𝒔𝒔𝑫𝑵𝑨,𝟕𝟎%𝑹𝑯. Once 

defined our sensor signal, we have proceeded to the analysis 

of the same samples analyzed by the surface stress method. 

We first performed the detection experiments with samples 

containing extracted DNA. Once achieved this, we proceeded 

with the bacterial lysates, in which the DNA is embedded in 

excess of bacterial debris. In figure 5 we show the average 
value and standard deviation of the sensor response signal 

∆𝑓70 obtained for the cantilevers incubated with purified DNA 
from OXA-48+ (green circles) and OXA-48- (red circles) KP 

isolates; and for the microcantilevers incubated with bacterial 

lysate samples from OXA-48+ (green hexagons) and OXA-48- 

(red hexagons) KP isolates. By defining the detection 

threshold value for the sensor signal ∆𝑓70 as the mean value of 

the signals obtained for the OXA-48- samples plus twice the 

standard deviation, in the purified plasmid assay the rate of 
true positives and true negatives is 1 and 1, respectively; while 

in the bacterial lysate assay is 0.73 and 1, respectively in a 

small pool of measurements of 50 cantilevers (8 arrays). 

 

Figure 5. Nanomechanical dynamic detection of the plasmid 
harboring the blaOXA-48 gene from KP. It is shown the average 

value and standard deviation of the sensor signal ∆𝑓70 obtained 

for the microcantilevers incubated with extracted and purified 
plasmid samples from OXA-48+ (green circles) and OXA-48- 

(red circles) KP isolates; and for the microcantilevers 

incubated with bacterial lysate samples from the same OXA-
48+ (green hexagons) and OXA-48- (red hexagons) KP 

isolates. 

The ex-situ measurement of both the surface stress and the 

stiffness variation upon hybridization of hydrated DNA layers 
tethered to microcantilevers allows the successful 

discrimination of the blaOXA-48 gene in the presence of non-

related DNA (purified DNA samples) coming from K. 
pneumoniae cultures. The blaOXA48 gene has been detected in a 

total analysis time of 1 h 30 min. This is very advantageous 

since commonly used diagnostic phenotypic methods for the 
detection of carbapenemase producers require up to 16 – 18 h 

to get the results18, 37 and molecular methods such as 

conventional PCR may delay more than 4 h.13, 22 Real time 
PCR allows obtaining immediate results but multiplexed 

detection is challenging and it is a more costly technique.23   

The methodology presented here based on the dynamic ex-situ 

measurements of the cantilevers allows to discriminate the 



 

digested blaOXA-48 gene in bacterial lysates, being the DNA 
embedded in excess of bacterial debris, with a rate of true 

positives and true negatives of 0.73 and 1, respectively. The 

direct detection of the DNA in this kind of sample is 
challenging and, to the extent of our knowledge, this is the 

first time a nanomechanical sensor successfully detects DNA 

in lysate samples with no prior purification.  

We have also observed the method based on the static 
characterization of the cantilevers does not have the capability 

to detect the plasmidic DNA in a mixture of bacterial debris 

with the established protocol. The generation of a differential 
surface stress is due to a collective phenomenon that requires a 

minimum receptor coverage. The connection between regions 

where molecular recognition happens is critically needed for 
the proper transmission of the surface stress and the generation 

of the bending.38 Even if the proportion of hybridized targets is 

low, the molecular crowding effect due to a high packing 

density in the probe layer allows to transduce efficiently the 
surface stress, as demonstrated before.27 However, and given 

the inherent difficulty of attaining homegeneous and highly 

packed ssDNa monolayers, in this study we have attempted to 
reproduce the more attainable technological situation, being 

the packing probe density between 1.4 and 7.2 x 1012   

molecules⁄cm2. Thus, the lower molecular crowding state 
obtained is likely responsible for the inefficient transmission 

of the surface stress generated along the hybridized layers. We 

show here that at low probe densities static measurements fail 
to detect the target DNA in cell lysate samples. However, due 

to the high sensitivity to small changes of the thickness, 

dynamic measurements allow to discriminate the plasmid in a 

complex sample. The hybridization efficiency  suffices for the 
DNA detection in lysate samples through the measurement of 

the resonance frequency shift. In this case, the stiffness 

change, arising due to the thickness variations with RH in the 
dsDNA layers allow the hybridization detection. The obtained 

rate of true positives of 0.73, indicates that the detection 

protocol must be improved in order to gain sensitivity in the 
assay. Lysate clearing by centrifugation or protein 

precipitation, longer digestion times and/or the use of volume 

excluders might be considered to increase the local 

concentration of the complementary DNA fragments without 
adding complexity to the assay or increasing the time analysis. 

A reduction of the hybridization stringency by lowering the 

hybridization temperature and/or increasing the Na+ 

concentration should also be considered. 

CONCLUSIONS 

This is the first time a nanomechanical sensor is used to detect 
cellular DNA in a lysate sample without prior purification. We 

have demonstrated the detection of carbapenemase OXA-48 

producing K. pneumoniae at the proof of concept level by 

means of the detection of the codifying gene (blaOXA48) 
through the measurement of the resonance frequency shift of 

microcantilevers upon hydration. Since there is no need for 

achieving high packing densities of the probe layer, the 
methodology is easily implementable with commercial gold 

coatings or even recycled surfaces, with which obtaining 

highly packed DNA layers is challenging. Though the 
technique presents high sensitivity and specificity to 

discriminate the blaOXA48 gene in the presence of non-related 

DNA in excess, the sensitivity achieved with bacterial lysates 
needs to be further improved for the clinical application of the 

technology. This technique has the potential for multiplexed 
detection and miniaturization. The reduction of the sample 

preparation steps is of utmost importance to move forward on 

the development of fast and easy-to-manage laboratory 
devices for antimicrobial resistance detection. Thus, we 

believe the direct detection of DNA in lysate samples with no 

prior purification, amplification or labelling demonstrated here 

paves the way to the development of a fast and easy-to-

manage device based on nanomechanical biosensing. 
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