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3D-printed chip for detection of
methicillin-resistant Staphylococcus
aureus labeled with gold nanoparticles

Methicillin-resistant Staphylococcus aureus (MRSA) is a dangerous pathogen occurring not
only in hospitals but also in foodstuff. Currently, discussions on the issue of the increas-
ing resistance, and timely and rapid diagnostic of resistance strains have become more
frequent and sought. Therefore, the aim of this study was to design an effective platform
for DNA isolation from different species of microorganisms as well as the amplification of
mecA gene that encodes the resistance to �-lactam antibiotic formation and is contained
in MRSA. For this purpose, we fabricated 3D-printed chip that was suitable for bacterial
cultivation, DNA isolation, PCR, and detection of amplified gene using gold nanoparticle
(AuNP) probes as an indicator of MRSA. Confirmation of the MRSA presence in the sam-
ples was based on a specific interaction between mecA gene with the AuNP probes and
a colorimetric detection, which utilized the noncross-linking aggregation phenomenon
of DNA-functionalized AuNPs. To test the whole system, we analyzed several real refrac-
tive indexes, in which two of them were positively scanned to find the presence of mecA
gene. The aggregation of AuNP probes were reflected by 75% decrease of absorbance
(� = 530 nm) and change in AuNPs size from 3 ± 0.05 to 4 ± 0.05 nm (n = 5). We
provide the one-step identification of mecA gene using the unique platform that employs
the rapid, low-cost, and easy-to-use colorimetric method for MRSA detection in various
samples.
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1 Introduction

Staphylococcus aureus is a Gram-positive abundantly occur-
ring bacterium, while methicillin-resistant S. aureus (MRSA)
is a live-threatening pathogen occurring mainly in hospi-
tals [1, 2]. In the period between 2011 and 2012, MRSA
was reported in 41.2% of S. aureus isolated and typed in
healthcare-associated infections in European hospitals [3].
From this it is clear that MRSA was and still is primarily con-
sidered as a healthcare-associated pathogen, however, later
on, these bacteria were also detected in food products, espe-
cially in meats [4]. Therefore, these bacteria can be isolated
both from inpatients as well as people not related to medi-
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cal environment, and this epidemiological change is impor-
tant in distribution of infections caused by this pathogen
[5].

The design and fabrication of new diagnostic systems
necessitates working in collaboration between different dis-
ciplines. Recent PCR-based assays for MRSA identification
have significantly reduced the time needed to find a diagno-
sis for a patient [6, 7]. Most importantly, small, field-capable
analysis portable systems are critical for timely detection and
prevention efforts even in the case of MRSA. Thus, rapid
and inexpensive diagnostic systems with high sensitivity and
specificity are essential to prevent MRSA to be an emerging
public health threat. There are different techniques such as
optical, mechanical, magnetic, and electrochemical, and their
combinations in detection of biologically related analytes.
In labeling strategies, fluorescent dye molecules, quantum
dot labels, and metal colloid labels are generally used [8–10].
Recent results show that combining the advantages of micro-
electromechanical system technology and molecular meth-
ods is promising for detection of MRSA [11]. The integra-
tion of magnetic bead based detection with loop-mediated
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isothermal amplification process was recently studied by
Wang et al. The hybridization was conducted using magnetic
bead conjugated complementary probes. Cell lysis, DNA iso-
lation, and amplification using loop-mediated isothermal am-
plification technique were performed in the microfluidic de-
vice only [12]. From these mentioned facts, it follows that
there is a great development in the field of manufacturing
well portable devices for medical purposes.

Thus, the main objective of this study was to suggest and
construct a novel integrated microfluidic platform for rapid
and accurate detection of MRSA strain. This platform is ca-
pable of colorimetric determination of the target analyte in
a microfluidic reactor, rendering its usefulness for in vitro
diagnostics. Confirmation of the MRSA presence in the sam-
ples is based on isolation of DNA, amplification of mecA
gene encoding the resistance to �-lactam antibiotics, and
specific interaction between mecA gene with the gold
nanoparticle (AuNP) probes and a colorimetric detec-
tion, which utilized the noncross-linking aggregation phe-
nomenon of DNA-functionalized AuNPs.

2 Materials and methods

2.1 Chemicals, preparation of DI water, and pH

measurement

Chemicals used in this study were purchased from Sigma-
Aldrich (St. Louis, USA) in ACS purity unless noted oth-
erwise. The DI water was prepared using reverse osmosis
equipment Aqual 25 (Czech Republic). The DI water was fur-
ther purified using apparatus MiliQ Direct QUV equipped
with the UV lamp. The resistance was 18 M�. The pH
was measured using pH meter WTW inoLab (Weilheim,
Germany).

2.2 Cultivation of bacteria strains

Nonresistant strains (S. aureus, Escherichia coli, Salmonella
typhimurium, and Lactobacillus rhamnosus and resistant
strains of S. aureus (MRSA) were obtained from the
Czech Collection of Microorganisms, Faculty of Science,
Masaryk University, Brno, Czech Republic. The strains
were stored as a spore suspension in 20% v/v glycerol
at −20°C. Prior to use in this study, the strains were
thawed and the glycerol was removed by washing with
distilled water. The composition of cultivation medium
was as follows: tryptone 10 g/L, yeast extract 5 g/L, NaCl
5 g/L, pH of the cultivation medium was adjusted at 7.4 be-
fore sterilization. The sterilization of the media was carried
out at 121°C for 30 min in sterilizer (Tuttnauer 2450EL, Beit
Shemesh, Israel). The prepared cultivation media were inoc-
ulated with bacterial culture into 25 mL Erlenmeyer flasks.
After inoculation, the bacterial cultures were cultivated for
24 h in a shaker at 600 rpm and 37°C.

2.3 Preparation of hospital samples and their

cultivation

2.3.1 Wound swabs of patients with bacterial

infections

Clinical specimens including wound swabs were obtained
from Trauma Hospital of Brno, Czech Republic. There were
selected patients aged less than 60 years without diagnosis
of diabetes mellitus, peripheral arterial disease, nonsmoker,
not under corticosteroid treatment or immunosuppressant
in regular medication. The smears were taken from infected
wounds with the consent of patients. Particularly, smear was
made from a patient with perianal abscess before the medi-
cal treatment, during treatment using Biseptol (Pabianickie
Zaklady Farmaceutyzcne Polfa S.A., Pabianice, Poland), and
at regular intervals after completion of the treatment. Smear
was done by rolling motion at the site of skin puncture using
a sterile swab sampling. The swab was then placed into a tube
with a semisolid transport medium and carefully sealed and
labeled. Marked tubes were immediately microbiologically ex-
amined. The swab sample was left in the transport medium
intended for the storage of the sample before culturing in the
appropriate medium.

2.3.2 Cultivation of clinical specimens

The isolation of bacterial strains from hospital samples was
performed using selective blood agar. The swab sample was
cultivated on blood agar with 10% of NaCl, blood agar with-
out other compounds [13], Endo agar [14], and blood agar
with amikacin [15]. These Petri dishes were cultivated for
24–48 h in 37°C. The identification of bacterial strains iso-
lated from hospital samples was done using MALDI-TOF
MS [16]. The MS experiments were performed on a MALDI-
TOF/TOF mass spectrometer Bruker Ultraflextreme (Bruker,
Bremen, Germany) equipped with a laser (Bruker) operat-
ing at wavelength of 355 nm with an accelerating voltage
of 25 kV, cooled with nitrogen, and a maximum energy of
43.2 �J with repetition rate 2000 Hz in linear and positive
mode, and with software for data acquisition and process-
ing of mass spectra flexControl version 3.4 and flexAnaly-
sis version 2.2. A sample of 500 �L S. aureus (0.1 OD) cul-
ture cultivated overnight was centrifuged at 14 000 × g for
2 min. After that, supernatant was discarded and the pellet
was suspended in 300 �L of DI water. Then, 900 �L of ethanol
was added. After centrifugation at 14 000 × g for 2 min, super-
natant was discarded and obtained pellet was air-dried. The
pellet was then dissolved in 25 �L of 70% formic acid v/v and
25 �L of ACN, and was mixed. The samples were centrifuged
at 14 000 × g for 2 min and 1 �L of the clear supernatant was
spotted in duplicate onto the MALDI target (MTP 384 target
polished steel plate; Bruker Daltonics, Bremen, Germany)
and air-dried at a room temperature. Then, each spot was
overlaid with 1 �L of �-cyano-4-hydroxycinnamic acid matrix
solution saturated with organic solvent (50% ACN and 2.5%

C© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.electrophoresis-journal.com



Electrophoresis 2015, 36, 457–466 Microfluidics and Miniaturization 459

TFA, both v/v) and air-dried completely prior to MALDI-TOF
MS measurement. Spectra were taken in the m/z range of
2000–20 000 Da, and each was a result of the accumulation
of at least 1000 laser shots obtained from ten different re-
gions of the same sample spot. Prior to analysis, the mass
spectrometer was externally calibrated with a peptide mix
of bombesin, angiotensin I, glu-fibrinopeptide B, adrenocor-
ticotropic hormone, ubiquitine, and cytochrome c. Spectra
with peaks outside the allowed average were not considered.
Modified spectra were loaded into the MALDI BioTyperTM

3.1 Version (Bruker Daltonik, Bremen, Germany).

2.4 Synthesis of AuNPs and gold magnetic

nanoparticles (AuMNPs)

Water-soluble AuNPs were synthesized as follows. Ten
milliliters of 1 mM HAuCl4·3H2O was added to a 50 mL
beaker under magnetic stirring. Aqueous solution of sodium
citrate tribasic dihydrate (0.5 mL, 40 mM) was added to
HAuCl4·3H2O solution. The color of the solution slowly
changed from yellow to violet. Mixture was left for stirring
overnight.

The AuMNPs were prepared according to the following
procedure. Two different solutions were prepared separately:
(i) 1.5 g of Fe(NO3)3·9H2O was dissolved in 80 mL of water in
a 250 mL beaker and (ii) 1.4 mL of 25% NH3 v/v solution was
mixed with 8.6 mL of water in a screw-capped tube and poured
in a separate beaker. A total of 0.2 g of NaBH4 was mixed with
the second solution. A magnetic rotor was used to mix them
properly. After 10 min of mixing, the solution was added
to the first solution. The color of the solution became black
with an initial frothing. Then, it was heated at 100°C for 2 h.
The mixture was stirred overnight. Next day, the magnetic
particles were separated from the solution by an external
magnet and washed several times with DI water. Maghemite
nanoparticles were prepared from 1.5 g Fe(NO3)3·9H2O, as a
source of iron was suspended in 80 mL of water and PVP (10 k,
1.5 g in 20 mL of water) was added with stirring. After 3 h of
stirring, a solution of HAuCl4 (25 mL, 1 mM) was added. The
solution was stirred for 1 h and a solution of trisodium citrate
dihydrate (0.75 mL, 0.265 g/10 mL) was added. The solution
was stirred overnight, separated by magnet, washed with DI
water, and dried at 40°C. Finally, the magnetic AuNPs were
air-dried and stored in a glass container.

2.5 Characterization of AuMNPs and AuNPs by SEM

Structure of 3 mM AuMNPs and 1 mM AuNPs was char-
acterized by SEM. For documentation of the nanoparticle
structures, a MIRA3 LMU (Tescan, Brno, Czech Republic)
was used. This model is equipped with a high brightness
Schottky field emitter for low noise imaging at fast scanning
rates. The SEM was fitted with in-beam SE detector. Samples
were coated by 5 nm of platinum to prevent sample charging.
For automated acquisition of selected areas, a TESCAN pro-

prietary software tool called Image Snapper was used. The
software enabled automatic acquisition of selected areas with
defined resolution. An accelerating voltage of 15 kV and beam
currents about 1 nA gave satisfactory results regarding maxi-
mum throughput. Magnification for AuMNPs 40 kX, AuNPs
40.9 kX, and aggregated AuNPs 64.6 kX were used.

2.6 Nanoparticles’ surface characterization by

scanning electrochemical microscope

Surface of AuMNPs and AuNPs was measured by scanning
electrochemical microscope (SECM) Model 920C (CH Instru-
ments, Austin, TX, USA). The electrochemical microscope
consisted of a 10 �m platinum disc probe electrode, which
was controlled by piezoelectric motors driven by all three
axes. Electrochemical measurements were performed in a
three-electrode configuration using platinum wire as a coun-
terelectrode and Ag/AgCl/ 3 M KCl as a reference electrode.
During scanning, the particles were attached on the substrate
platinum electrode by magnetic force from neodymium mag-
net, situated below the electrode. The surfaces were charac-
terized by cyclic voltammetry (CV) in 3 M KCl and 1 mM
FcCH2OH using following parameters—initial potential:
0.2 V, high potential: 0.5 V, and low potential: −0.2 V. Initial
scan polarity was positive with scan rate 0.02 V/s. Quiet time
was 10 s. Electrochemical scanning method was carried out
with potential of working microelectrode of 0.2 V. Gold disc
electrodes with an O-ring as the conducting substrate used
potential of 0.3 V. Speed of scanning was 250 �m/s. The
platinum-measuring electrode moved at least 50 �m above
the surface.

2.7 X-ray fluorescence analysis

Qualitative analysis of AuNPs and AuMNPs was measured
on Spectro Xepos (Spectro Analytical Instruments, Kleve,
Germany). The sample was measured on a Pd anode X-ray
tube working at a voltage of 47.63 kV and a current of 0.5 mA,
and detected with Barkla scatter aluminum oxide. Measure-
ment time was 300 s. For excitation, an Mo secondary target
was used. The excitation geometry was 90°. The AuNPs were
measured through the PE bottle side wall 20 mm above the
bottom. The Spectro Xepos software and TurboQuant method
were applied for data treatment.

2.8 Characterization of nanoparticles’ size

The average nanoparticles’ size and size distribution were de-
termined by quasielastic laser light scattering with a Malvern
Zetasizer (NANO-ZS, Malvern Instruments, Worcester-
shire, UK). Nanoparticle distilled water solution of 1.5 mL
(1 mg/mL) was put into a polystyrene latex cell and measured
at detector angle of 173°, wavelength of 633 nm, refractive
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index of 0.30, real refractive index of 1.59, and temperature
of 25°C.

2.9 Labeling of nanoparticles

The AuNPs and AuMNPs were labeled with thiolated
mecA primers 5′-[ThiC6]CCCAATTTGTCTGCCAGTTT-3′

in the case of AuNPS and 5′-[ThiC6]TGGCAATATTAACG
CACCTC-3′ in the case of AuMNPs. The protocol was as fol-
lows. Ninety microliters of AuNPs was mixed with 10 �L of
100 �M thiolated mecA primers and incubated for 24 h in
4°C.

2.10 Reverse transcription and amplification of

mecA gene

2.10.1 Thermolysis of bacteria and reverse

transcription of mRNA

The lysis of the bacteria was done by heat treatment (99°C)
during 30 min. The mRNA was converted to cDNA using
PrimeScript One Step RT-PCR Kit (TaKaRa, Mountain View,
CA, USA). The reaction profile was as follows: initial denatu-
ration at 94°C for 2 min, 30 cycles of 94°C for 30 s, 50°C for
30 s, and 72°C for 1.5 min.

2.10.2 Binding of DNA with magnetic AuNPs

Ten microliters of paramagnetic particles were washed three
times with phosphate buffer (0.1 M NaCl, 0.05 M Na2HPO4,
and 0.05 M NaH2PO4). After that, 10 �L of cDNA and 10 �L
of immobilization buffer were added (0.1 M Na2HPO4, 0.1 M
NaH2PO4, 0.6 M guanidinium thiocyanate, 0.15 M Tris-HCl
(pH 7.5), and 2.5 M CsCl). This solution was kept for next 1.5 h
at 20°C with shaking to bind DNA with magnetic AuNPs.
Further, the solution was removed and magnetic AuNPs were
washed two times with 20 �L of 5 M NaCl. The obtained
magnetic AuNPs with DNA were resuspended in DI water.

2.10.3 PCR and electrophoresis in agarose gel

Taq PCR kit and cDNA (New England Bio-Labs, USA) were
used for amplification of MRSA mecA gene DNA fragment.
The sequences of forward and reverse primers selected
from the nucleotide database of NCBI website were 5′-CCC
AATTTGTCTGCCAGTTT-3′ and 5′-TGGCAATATTAACGC
ACCTC-3′ (Sigma-Aldrich), respectively. Briefly to the exper-
imental protocol, 25 �L of reaction mixture was composed
of 1× standard Taq reaction buffer, 0.2 mM dNTPs, 0.2 �M
primers, 1.25 U Taq DNA polymerase, and 10 �L of DNA.
PCR was carried out in a thermocycler Mastercycler ep real-
plex 4S (Eppendorf, Hamburg, Germany) with the following
temperature program: initial denaturation at 95°C for 120 s,

25 cycles of denaturation at 95°C for 15 s, annealing at 55°C
for 30 s, extension at 72°C for 45 s, and a final extension at
72°C for 5 min. The resulting DNA fragment (113 bp) was
electrophoresed in 1.8% m/v agarose gel (Mercury, USA) in
1× TAE buffer (40 mM Trizma-base, 20 mM acetic acid, and
1 mM EDTA, pH 8.0). A DNA ladder (New England BioLabs,
USA), within the range from 0.1 to 1.5 kbp, was used as a stan-
dard to monitor the size of the analyzed fragments of DNA.
The electrophoresis (Bio-Rad, USA) was run at 70 V and 6°C
for 135 min. After electrophoresis, the gel was stained with
ethidium bromide (31.3 ng/L) in 1× TAE buffer. Bands were
visualized using a transilluminator at a wavelength of 312 nm
(Vilber-Lourmat, Marne-la-Valle´e, France). Visualized image
was recorded by a digital camera Canon G10 (Canon, Japan).

2.11 Confirmation of mecA gene in nonresistant and

resistant bacterial strains

2.11.1 Isolation of DNA

For analysis of mecA gene, 2 mL each of the tested strains
(S. aureus, MRSA, E. coli, S. typhimurium, and L. rhamnosus)
were centrifuged (5000 × g, 20°C, 10 min). Lysis was done for
1 h in 400 �L of lysis solution (6 M guanidine hydrochloride
and 0.1 M sodium acetate) at 20°C. The isolation of genomic
DNA was performed using MagNA Pure Compact (Roche,
Germany).

2.11.2 Amplification of DNA for mecA gene

The 16S rRNA and mecA genes were amplified using mul-
tiplex PCR. The sequences of forward and reverse primers
of 16S rRNA gene were 5′-GAGTTTGATCCTGGCTCAG-
3′ and 5′-GGTTACCTTGTTACGACTT-3′; respectively, and
mecA primers were 5′-CCCAATTTGTCTGCCAGTTT-3′ and
5′-TGGCAATATTAACGCACCTC-3′, respectively. The final
volume of the PCR reaction mixture was 25 �L. The reaction
profile was as follows: 94°C for 4 min, 30 cycles of 94°C for
30 s, 52°C for 30 s, and 68°C for 90 s, and a final extension at
68°C for 7 min. The amplification was carried out using Mas-
tercycler ep realplex 4S (Eppendorf) and 1498 bp fragment
for 16S rRNA gene and 223 bp fragment for mecA gene.

2.11.3 Visualization of the amplified genes

DNA was mixed with loading buffer and then pipetted
into the wells, and run in 1.5% agarose gel electrophore-
sis in 1× TAE buffer with ethidium bromide for 90 min at
90 V. The bands were visualized by UV transilluminator at
312 nm (Vilber-Lourmat) and band intensities were quanti-
fied and analyzed by Carestream Molecular Imaging Software
(Carestream, Carestream In vivo Xtreme Imaging System,
Rochester, USA) and normalized to mecA gene control.
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2.12 Detection of mecA gene fragment or bacterial

DNA using AuNPs probe

Absorbance spectra were acquired by multifunctional
microplate reader Tecan Infinite 200 PRO (TECAN,
Switzerland). The absorbance scan was measured within the
range from 230 to 1000 nm per 5 nm steps. Each absorbance
value was an average of three measurements. The detector
gain was set to 100. The sample (2 �L) was placed in 16-
well nanoplate by Tecan NanoQuant plate (TECAN). All mea-
surements were performed at 25°C controlled by Tecan Infi-
nite 200 PRO (TECAN). Ten microliters of AuNPs probe and
10 �L of AuMNPs probe were mixed with 5 �L of PCR prod-
uct (26 �M). Afterwards the mixture was heated for 5 min at
95°C and slowly cooled to 25°C. For the mecA gene detection,
10 �L of 5 M NaCl was added into the cooled mixture (to final
concentration of 2 M).

2.13 3D-printed chip design and fabrication

For bacterial cultivation, lysis, DNA isolation, PCR, and
detection the 3D-printed chip was fabricated using 3D
printer (Profi3Dmaker, Aroja, Czech Republic) controlled
by G3Dmaker v1.0 software (Aroja). The reaction cham-
ber was made from acrylonitrile butadiene styrene (Print-
plus, Aroja), which is sufficiently rigid and wiry for the
final application of the product. The material had also
the following properties such as small water absorption
and resistance to oils, acids, alkalis, and hydrocarbons.
The sample was injected into the chip using programmed
syringe pump (Model eVol, SGE Analytical Science,
Australia), three-way two-position selector valve (made from
six-way valve, Valco, Instruments, USA), and dosing capil-
lary, which was moved into the reaction chamber. To prepare
a fully automated system, switching valve enabling switch-
ing between the off-waste and sample flow was placed into
the system. The sample (10–500 �L) was injected by au-
tomated syringe (SGE Analytical Science, Australia) using
maximal applied speed of 1.66 �L/s. Mobility and stirring
of sample inside chip was arranged using multiturn mag-
net regulated on working current 200 mA, voltage 12 V, and
1 Hz pulse/frequency. The entire chip is enclosed in a ther-
mostatic box equipped with fan, heater element, and tem-
perature sensor. The heating element was driven by tem-
perature sensors feedback (Instrumentation Temperature
Controller, Valco, Instruments). The temperature was auto-
matically operated by control unit Arduino Due (Atmel, USA).
Flow measurement chamber in volume of 750 �L fitted with
a spectrophotometric detector was used for the final sample
absorbance measurement. The detector consists of LED bulb
(Roithner Laser, Austria), band-pass filter (Semrock, USA)
for 530 nm, and photodiode (Hamamatsu, Japan). All mea-
surements were controlled by Arduino board Due (Atmel)
and Arduino IDE (Atmel).

2.14 Descriptive statistics

Mathematical analysis of the data and their graphical interpre-
tation were realized by Microsoft Excel R©, Microsoft Word R©,
Microsoft PowerPoint R© (USA), and STATISTICA.CZ (Czech
Republic). Results are expressed as mean ± SD unless noted
otherwise (EXCEL R©).

3 Results and discussion

3.1 Characterization of AuMNPs and nonaggregated

or aggregated AuNPs

The used nanoparticles play the crucial role for analysis in-
side the chip. Using the AuMNPs, the mobility and stirring
of solution are ensured. Afterwards the AuNPs provide the
spectrophotometric detection of mecA gene employing their
aggregation in the presence of NaCl [17]. For our experiments,
we characterized our fabricated AuMNPs, AuNPs, as well as
AuNPs in NaCl presence from the point of view of surface
analysis [18], electrochemical properties of particles [19, 20],
qualitative analysis [21,22], and measurement of size and zeta
potential [23, 24].

At first, we characterized the AuMNPs by SEM. Iron ox-
ide nanoparticles formed clusters of irregular shape in neutral
pH (Fig. 1A, i). In order to image the reduction and oxidation
properties of AuMNPs, CV of AuMNPs and surface scans
were measured by SECM and the resulting maps are shown
in Fig. 1A, ii. The CV scan of AuMNPs provided the low-
est reduction signal in comparison to other studied particles.
The oxidation potential was determined as 0.3 V, whereas the
reduction potential as 0.15 V. From SECM map, it is obvi-
ous that the surface current is within the range from 0.6 to
0.9 nA. The qualitative analysis and impurities determination
confirm the purity of AuMNPs, which contained bulk of Au+

and Fe3+ ions (data not shown). Finally, we characterized size
and zeta potential of magnetic particles. It is shown in Fig. 1A,
iii that the size of these particles was found to be 15 ± 3 nm.
To confirm that these magnetic nanoparticles carry negative
charges, measurement of the zeta potential (or charge den-
sity) of samples was done providing important information
for predicting their binding capacity. The zeta potential of
magnetic nanoparticles covered with gold (19 mV) was found
to be higher than that of AuNPs (−25 mV). This indicates
that part of citrate on gold surface, which was used for reduc-
tion and protection of AuNPs from aggregation, was bounded
with iron oxide by covalent bond resulting in increasing of
zeta potential and decreasing of free citrate on gold surface.

The SEM characterization of AuNPs is demonstrated in
Fig. 1B, i. It follows from the results obtained that AuNPs
were spherical and cuboid in shape. CV scan of AuNPs sur-
face shows the oxidation potential at 0.4 V and reduction
potential at 0.25 V. In addition, SECM map revealed us AuNPs
current within the range from −0.2 to −0.4 nA (Fig. 1B, ii).
The qualitative analysis of AuNPs confirmed the presence of
trace amount of chloride ions present due to its preparation
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Figure 1. Microscopic and elec-
trochemical characterization of (A)
1 mg/mL AuMNPs, (B) 1 mg/mL
AuNPs, and (C) aggregated 1 mg/mL
AuNPs dissolved in water by (i)
SEM (magnification of 40 kX for
AuMNPs, 40.9 kX for AuNPs, and
64.6 kX for aggregated AuNPs),
(ii) scanning electrochemical micro-
scope (0.3 V potential of measure-
ment, 250 �m/s speed of scanning,
and 50 �m height above the surface),
and (iii) the measurements of AuNPs
size distribution by Zetasizer. Mea-
suring conditions were: detector an-
gle 173°, wavelength 633 nm, refrac-
tive index 0.30, a real refractive index
1.59, and a temperature 25°C.

(data not shown). Moreover, the size of AuNPs was found to
be 2 ± 0.5 nm and zeta potential −25 mV (Fig. 1B, iii).

Using the SEM it was found that the AuNPs in the pres-
ence of NaCl formed irregular clusters in comparison with
AuNPs (Fig. 1C, i). The observation of oxidation or reduc-
tion properties of AuNPs in the presence of NaCl demon-
strated the oxidation potential as 0.25 V and reduction poten-
tial as 1.4 V. Particularly, CV analysis showed higher reduc-
tion/oxidation properties in comparison with AuNPs, which
could be caused by the increase of particle surface due to par-
ticles aggregation. SECM scanning map of AuNPs illustrated
the change of surface current within the range from 0.1 to
0.3 nA probably associated with AuNPs aggregation, which
is in agreement with CV results (Fig. 1C, ii). Characteriza-
tion proved that the AuNPs agglomeration and size of these
particles were found to be 65 ± 35 nm. Summarization of
zeta potential values showed that AuNPs had the lowest zeta
potential at −26 mV due to its permanent negative charges
(Fig. 1C, iii). Based on all characterizing results obtained,
it can be concluded that the particles have the ability to be
used for DNA binding and colorimetric detection as other
commercial nanoparticles.

3.2 Confirmation of resistance gene presence in

different bacterial strains

Scheme in Fig. 2A shows the isolation and confirmation of
mecA resistance gene expression present in MRSA. mRNA

from bacterial culture proliferating for 24 h under constant
conditions was transcribed using reverse transcription into
cDNA and isolated using magnetic particles. The mecA gene
encoding the resistance to the �-lactam antibiotics was ampli-
fied and amplicon in response to the absorbance of bacterial
culture before isolation (expressed in absorbance values (� =
600 nm) 0.0005, 0.005, 0.01, 0.05, 0.1, 0.5, 1 AU) is shown in
gels (Fig. 2B). The decreasing intensity of bands (mecA frag-
ment, 223 bp) in the gel with the decreasing concentration of
MRSA was demonstrated (Fig. 2C).

To confirm the 16S rRNA gene expression, which is natu-
rally present in all bacterial strains, and mecA resistance gene,
there were selected different bacterial strains of nonresistant
S. aureus, MRSA, E. coli, S. typhimurium, L. rhamnosus (sam-
ple numbers 1–5), and three bacterial strains isolated from
the clinical specimens from patients with bacterial infections
identified as S. aureus (sample numbers 6–8, Fig. 2D). 16S
gene expression was expectedly confirmed in all the tested
bacterial strains. In the studies [25, 26], the 16S rRNA gene
for classification and identification of bacteria was used, while
the suitability of this approach was discussed. The expression
of the 16S rRNA gene demonstrated ribosome formation in
cells, thus the presence of live bacterial cultures was found in
our samples. The expression of mecA gene, which is respon-
sible for the emerging of resistance to �-lactam antibiotics,
was demonstrated in two samples from eight. The expected
result was to confirm the expression of this gene in commer-
cially supplied MRSA, and further to confirm the presence
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Figure 2. (A) General scheme of steps for cultivation of microor-
ganisms, cell lysis, isolation of DNA by paramagnetic particles,
and amplification of mecA gene for identification of MRSA inside
of the 3D-printed chip using primers modified by gold nanoparti-
cles (AuNPs). (B) Amplification of MRSA mecA gene by PCR with
specific primers and its detection (�600). The numbers 1, 2, 3, 4, 5,
6, and 7 correspond to absorbance (�600) 0.0005, 0.005, 0.01, 0.05,
0.1, 0.5, 1 AU, respectively. C−, negative control (S. aureus with-
out mecA gene); C+, positive control (MRSA with mecA gene).
The reverse transcription in mecA gene for the confirmation of
mecA gene expression in MRSA bacterial culture was made. (C)
Dependence of MRSA concentration (0.0005, 0.005, 0.01, 0.05,
0.1, 0.5, 1 AU) on fluorescence intensity determined from gel
electrophoresis. (D) The amplification of 16S and mecA genes by
multiplex PCR with 16S and mecA primers in various PCR prod-
ucts of bacterial strains: (1) S. aureus, (2) MRSA, (3) E. coli, (4)
S. typhimurium, (5) L. rhamnosus and three clinical specimens,
where the presence of S. aureus was confirmed (sample numbers
6–8) and C− as a negative control. In all samples, the expression
of 16S control gene was confirmed. In samples 2 and 8 the expres-
sion of mecA gene was also confirmed. The confirmation of the
expression of 16S control gene and mecA gene was performed
using multiplex PCR.

of such gene in the sample isolated from the hospital sam-
ple, which was identified as an S. aureus. Both assumptions
were confirmed and the resistance to �-lactam antibiotics
was found in MRSA obtained from the collection and also
in clinical samples (Fig. 2D). In the other tested bacterial
strains the mecA gene was not confirmed, therefore con-
stituted nonmethicillin-resistant strains (Fig. 2D). Moussa
and Shibl also used 16S rRNA and mecA genes for identifi-
cation of MRSA [27]. Their study was expanded to include
the presence of Panton-Valentine Leucocidin, which is a cy-
totoxin produced by community-associated MRSA bacterial
strain [27], and are in good agreement with those found in our
study.

3.3 Identification of mecA gene fragment to the

AuNPs probe

The identification of mecA gene fragment is based on
noncross-linking DNA hybridization method using the
AuNPs probe and its ability to aggregate induced by an
increasing salt concentration in the presence of complemen-
tary oligonucleotides of the same size [28]. The experimental
scheme (Fig. 3A) shows that the mecA gene is bound to the
AuNPs probe based on the bases complementarity. After the
NaCl addition, the unbounded AuNPs probes aggregate. The
colloidal solution of AuNPs exhibits a red color and their ag-
gregation is driven by the London–van der Waals attractive
force between the nanoparticles, and the color turns to pur-
ple red [28]. Based on these facts, we focused on the color
change of AuNPs in the presence of MRSA mecA gene us-
ing the absorbance spectra measurement. Using the agarose
gel electrophoresis, it was found that AuNPs probe contained
mecA primers. Functionality of AuNPs probe bound to the
mecA gene was proved by multiplex PCR visualized by elec-
trophoresis on agarose gel (Fig. 3B). It is evident from the
results shown in Fig. 3B that two bands of approximately
same molecular weight of mecA gene were found in samples
2 and 8. These results confirmed the suitability of AuNPs
probe for mecA gene detection because they are in perfect
agreement with those shown in Fig. 2D.

Subsequently, we characterized the absorbance proper-
ties of AuNPs under various concentrations of NaCl (0–2 M).
The AuNPs showed the immediate color change in low con-
centrations of NaCl. It follows from titration curve (Fig. 3C)
that the rapid decrease of AuNPs absorbance in 530 nm in
the presence of 0.125 M NaCl occurred and this decreasing
trend progressed also with higher NaCl concentration.

Further, we used the described methods to analyze vari-
ous PCR products of bacterial strains: (1) S. aureus, (2) MRSA,
(3) E. coli, (4) S. typhimurium, (5) L. rhamnosus and three
clinical specimens, where S. aureus presence (sample num-
bers 6–8) was confirmed. First, the isolation of DNA from
the bacterial culture and subsequent PCR was carried out.
Obtained PCR products were mixed with AuNPs probe func-
tionalized with complementary sequence to mecA gene and
after hybridization the 10 �L of 5 M NaCl was added into the
mixture. We estimated that the color change in the case of
AuNPs (0) turned transparent while the samples with non-
complementary DNA to AuNPs probe turned to purple red
(samples 1 and 3–7). In the case of MRSA PCR products (2,
8), the mixture showed the stable pink color (Fig. 3D). The
typical absorbance spectrum of AuNPs with absorbance max-
imum at 530 nm is shown in Fig. 3E. In the case of S. aureus
PCR product, the addition of NaCl into the reaction mixture
caused the rapid decrease of absorbance measured at 530 nm.
On the other hand, the absorbance spectra of MRSA reaction
mixture after NaCl addition shows almost 75% decrease of
AuNPs absorbance maximum at 530 nm compared to AuNPs
(100%). We analyzed the other bacterial strains in the same
way. The absorbance decrease at 530 nm was observed in (3)
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Figure 3. (A) Experimental scheme of mecA
gene detection. (B) Amplification of mecA
genes by PCR with AuNPs probe contain-
ing mecA primers in various PCR products
of bacterial strains: (1) S. aureus, (2) MRSA,
(3) E. coli, (4) S. typhimurium, (5) L. rhamno-
sus and three clinical specimens, where the
presence of S. aureus was confirmed (sam-
ple numbers 6–8). In samples 2 and 8, the
expression of mecA gene was confirmed.
(C) Titration curve of AuNPs with addition
of 0–2 M NaCl. The results are expressed as
mean ± SD. (D) The color change of reac-
tion mixtures before 2 M NaCl addition and
after NaCl addition into sample: (0) AuNPs,
(1) S. aureus, (2) MRSA, (3) E. coli, (4) S.
typhimurium, (5) L. rhamnosus and three
clinical specimens, where the presence of
S. aureus was confirmed (sample numbers
6–8). (E) The absorbance spectra of reac-
tion mixtures: AuNPs, AuNPs in 2M NaCl,
MRSA, and E. coli. (F) Comparison of reac-
tion mixtures relative absorbance: various
PCR products of bacterial strains 1–8. The
results are expressed as percentage of the
AuNPs signal (100%). (G) Size distribution
of AuNPs in mixture with MRSA (pink line)
and S. aureus PCR products.

E. coli, (4) S. typhimurium, and (5) L. rhamnosus. For S. au-
reus (1; 6–7), nearly 90% decrease was observed (Fig. 3F). It
follows from the results shown in Fig. 3G that there is a mod-
erate increase in size of aggregated AuNPs in the presence
of mecA gene to 3 and 4 nm in the case of negative control
(S. aureus PCR product). Considerable change was visible in
zeta potential results. Although the zeta potential of AuNPs
in the presence of mecA gene was −20 mV, the zeta potential
obtained from negative control increased to −34 mV. These
results suggest that the AuNPs with sample mixture were
weakly aggregated, and simultaneously stabilized the solution
electrochemically.

3.4 Characterization of 3D-printed chip device and

confirmation of detection inside the chip

Three-dimensional (3D) printed chips are among the new
molecular techniques that rapidly monitor the presence of
pathogen microorganisms [29, 30], which was demonstrated
on detection of the bacterial strains in environment [31]. Their
specificity, speed, and the ability to recognize a very low con-
centration of target molecules belong to the most important
features of these chips [32].

In our study, individual steps preceding the detection
were included to reaction chamber that was heated allowing
the cultivation of microorganisms in Luria Bertani medium
under constant conditions of 37°C and stirring. From these
cultures, the DNA can be isolated using AuMNPs, and after
this procedure the specific gene can be amplified using target
primers whose presence can be spectrophotometrically de-
tected by mixing with AuNPs probe and NaCl as an indicator

Figure 4. (A) Scheme of 3D-printed chip for detection and con-
firmation of MRSA presence using binding of MRSA to the
gold nanoparticles with specific primers in the chip, (B) sys-
tem for the identification of MRSA in the sample, and (C) reac-
tion chamber of 3D-printed chip: 1—spectrophotometric detector,
2—pump with the valves, 3—outlet, 4—the first inlet hose, 5—
thermoregulatory system, 6—cultivation chip, 7—electromagnet,
8—thermoisolating box, 9—the second inlet hose, 10—the third
inlet hose, and 11—the fourth inlet hose. (D) Comparison of reac-
tion mixtures relative absorbance obtained from 3D-printed chip:
various PCR products of bacterial strains: (1) S. aureus, (2) MRSA,
(3) E. coli, (4) S. typhimurium, (5) L. rhamnosus and three clini-
cal specimens, where the presence of S. aureus was confirmed
(sample numbers 6–8). The results are expressed as percentage
of the AuNPs signal (100%).
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of MRSA presence (Fig. 4A and B). The mixing and stir-
ring during the bacterial cultivation was enabled using DNA-
functionalized AuMNPs, which stirred up the liquids inside
the chip. Electromagnets, visible from the picture (Fig. 4C),
alternately changed its magnetic field, which resulted in
movement of magnetic AuNPs. The magnetic field of
electromagnets must be homogenous throughout the chip
area, because magnetic particles are not concentrated only
in the axis cores of electromagnets. The strength of the mag-
netic field must be sufficiently large and the time of the pulse,
which controls the magnets, must be kept to a minimum.
Magnetic particles must pulsate for the longest path. Using
the control unit and electromagnets, it is possible to control
magnetic particles movement in terms of speed and setting
of different intervals of regular and irregular movements. For
bacterial cultivation, the period of voltage on magnet connec-
tors was set to 1 Hz. The whole cultivation process in the
chip is maintained at a constant temperature of 37°C using a
thermostatic box. At the end of the process, the control unit
terminates the pulse of the electromagnets and maintains a
constant direct current voltage on the terminals. Thus, the
magnetic particles are at the right place and the lysis buffer
is injected to the reaction chamber. The lysis inside the chip
was carried out according to the protocol mentioned in Sec-
tion 2.10.1. After the bacterial lysis, the purification of isolated
DNA was done by rinsing the reaction chamber with water,
while the AuMNPs probes functionalized by DNA were at-
tached in magnetic field.

PCR as a second step was performed according to Sec-
tion 2.10.3. The detection of PCR product inside the chip
consisted, as in the case of absorbance detection using multi-
functional reader, in the binding of the amplified PCR prod-
uct (mecA gene) to AuNPs labeled by thiol oligonucleotide
with specific affinity to gold and complementary sequence to
mecA gene. The tested samples (1) S. aureus, (2) MRSA, (3)
E. coli, (4) S. typhimurium, (5) L. rhamnosus, and three clini-
cal specimens, which confirmed S. aureus presence (sample
numbers 6–8), were subjected to analysis using our fabricated
3D-printed chip. The bacterial cultivation, PCR, and spec-
trophotometric detection were done by optimized protocols
mentioned above. Spectrophotometric signal of tested sam-
ples at � = 530 nm was expressed as percentage of the AuNPs
signal (100%). It clearly follows from the results shown in
Fig. 4D that the presence of MRSA was confirmed in samples
2 and 8, where 80% decrease of AuNPs absorbance compared
to AuNPs was observed. In other samples, the absorbance de-
crease was almost 100% indicating the mecA gene absence.
These results are in good agreement with our previous exam-
ination and proved our fabricated chip as a powerful tool for
confirming the presence of MRSA.

4 Concluding remarks

Function of 3D-printed chip was tested on detection of mecA
gene, which occurs in MRSA only. This colorimetric detec-
tion was based on specific binding of mecA gene to the AuNPs

labeled with thiol oligonucleotides with complementary se-
quence. Due to this fact, we were able to prove the presence
of two positive samples from eight. These samples probably
contained the sequence of mecA gene, a gene encoding in
MRSA strain, the resistance to �-lactam antibiotics. There-
fore, we can assume that this platform may be used for rapid
detection of a range of other microorganisms, in case, via
labeling of AuNPs by thiol oligonucleotides with sequence
complementary to specific genes in tested bacterial strains.
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