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 A microﬂuidic system for sensitive
detection of E. coli O157:H7 at a LOD
of 102 cells mL-1 is developed.
 Dendrimers are immobilized onto
microﬂuidic channel surfaces to
reduce background detection noise.
 Dendrimer-aptamer modiﬁed surface
provides multiple binding sites for
enhanced target capturing at high
throughput rates.
 Detection performance of G7aptamer and G4-aptamer modiﬁed
microchannels are investigated and
compared.
 Surface modiﬁcations are characterized by FTIR, XPS, water contact angles, ﬂuorescence microscopy and
AFM.
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A microﬂuidic system that incorporates both dendrimers and aptamers to detect E. coli O157:H7 is
developed. To achieve this, generation 7-polyamidoamine dendrimers were immobilized onto the
detection surfaces of PDMS microﬂuidic channels; subsequently aptamers against E. coli O157:H7 were
conjugated onto the microchannel surfaces via the immobilized dendrimers as templates. Surface
modiﬁcations were characterized by FTIR, XPS, water contact angles, ﬂuorescence microscopy and AFM
to conﬁrm the success of each surface modiﬁcation steps. The efﬁcacy of this simple microchannel in
detection was investigated using E. coli O157:H7 spiked samples. Our results showed that this interesting
approach signiﬁcantly increased the amount of aptamers available on the microﬂuidic channel surfaces
to capture E. coli O157:H7 cells to allow sensitive detection, which in turn resulted in detections of E. coli
O157:H7 cells at a low limit of detection of 102 cells mL1. The results also demonstrated that in comparison with the generation 4-polyamidoamine dendrimers (G4) modiﬁed microchannels, those
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modiﬁed with G7 showed enhanced detection signals, improved target capturing efﬁciencies, and at
higher throughput. This simple whole cell detection design has not been reported in the literature and it
is an interesting and effective approach to developing a sensitive and rapid detection platform for
foodborne pathogenic bacteria.
© 2019 Elsevier B.V. All rights reserved.

1. Introduction
Outbreaks of foodborne diseases in recent years has led to increase in demand for rapid and sensitive methods for foodborne
pathogen detections from food safety inspection authorities and
food industries. As a result, a signiﬁcant amount of research has
been carried out in attempts to search for methods that enable
rapid and sensitive detections of foodborne pathogenic bacteria.
Despite these efforts, the most widely used method is still plate
culture method [1,2]. While very sensitive and reliable, this method
is time-consuming as a typical detection takes several days to
complete [2], and it involves multiple steps that require considerable amount of skills. To solve this issue, other rapid detection
methods, such as enzyme-linked immunosorbent assay (ELISA) [3],
polymerase chain reaction (PCR) [4,5], electrophoresis [6,7] and
ﬂow cytometry [8,9] have recently been developed to allow for
faster sample-to-result turn-around. Unfortunately, while the ﬁnal
result readouts themselves from these techniques can be obtained
within hours, these methods still require time-consuming sample
preparations and enrichment steps prior to the tests; as a result, the
overall detection process is still lengthy or suffers from a relatively
high limit of detection (LOD) [1]. Due to these limitations, new
detection methods such as microﬂuidics have been developed.
Although some exciting progress in pathogen detection has been
reported [10,11], more work is required to make these approaches
suitable for practical applications. For example, while electrochemical [12] and piezoelectric [13] detection based microﬂuidic
systems have been reported to detect very low concentration
pathogens [2], they are expensive and have been shown to be
difﬁcult to control. In contrast, optical detections based microﬂuidics are easy to operate, but suffer from high LODs [14],
achieving LODs only around 103 cells mL1 [15].
Recently several research groups have studied the applications
of dendrimers in rapid biosensing applications [16,17]. Dendrimers
are polymers featuring spherical molecular shapes and numerous
functional groups on their molecular surfaces. As a result of their
unique structures, dendrimers have been chemically immobilized
onto surfaces of interest, and act as templates to allow further
multiple copies of capturing aptamers to be conjugated to the
surfaces via multiple functional groups on the dendrimers [18].
Moreover, the capturing surfaces of dendrimers are larger than
those of their linear analogues, leading to both higher capturing
surface areas and increased probabilities [19]. While interesting,
such approach's efﬁcacy in enhancing target captures has not been
fully demonstrated, especially how multiple copies of the capturing
dendrimers e as a result of the multifunctional dendrimers acting
as surface modiﬁcation templates e enhances detections have not
been studied. In comparison, dendrimers have also been used as
surface modiﬁcation templates for subsequent antibody surface
modiﬁcations for detections [20]. However, the efﬁciency and
beneﬁt of such approach would arguably be limited due to the fact
that dendrimer and antibody molecules are known to have comparable sizes [21,22], and therefore only limited numbers of antibody can be immobilized via these dendrimer templates.
In this study, we report a simple detection method based on

microﬂuidics channels. Speciﬁcally, the microchannel surfaces are
modiﬁed with polyamidoamine (PAMAM) dendrimers as templates
and subsequently conjugated with aptamers speciﬁc against
Escherichia coli O157:H7 via the immobilized dendrimers. The advantages of using the dendrimers are two-fold: 1) to prevent nonspeciﬁc adsorption of non-target particles, as the PAMAM dendrimers have been shown to render modiﬁed PDMS microﬂuidic
channel surfaces non-fouling properties [23]; and 2) to provide
multiple binding sites for subsequent aptamer conjugations to
allow for enhanced bacteria capturing probability. Aptamers are
chosen as the capturing mechanism due to their demonstrated high
afﬁnities towards their targets [24] and their much smaller molecular sizes – in comparison with antibodies – to allow for multiple
copies of the aptamers to be immobilized via the dendrimer templates for enhanced bacteria capturing efﬁciency. Our results show
that the current microﬂuidic channel design can achieve a LOD of
102 cells mL1, a much improved detection performance when
compared with other optical-based microﬂuidics detection
methods [13,15,25]. In addition, by comparing the detection performances between microchannels using both generation 7
PAMAM (G7-PAMAM) and generation 4 PAMAM (G4-PAMAM) as
templates, we further demonstrate that microchannel modiﬁed
with aptamers using G7 as templates shows a signiﬁcantly
enhanced bacterial cell capturing performance under all ﬂow
conditions we have investigated in this study, likely due to multiple
surface binding sites that achieve much stronger surface-cell interactions for cell capturing. These enhanced interactions would
therefore be particularly beneﬁcial for sensitive high throughput
microﬂuidic channel-based detections where high target capturing
performance at low target concentration is most desired under
shear conditions.
2. Experimental
2.1. General approach
In this study, we report a new approach to prepare a microﬂuidic
device for sensitive foodborne pathogen detections. As shown in
Fig. 1, the microchannel device is initially treated with oxygen
plasma, which is followed by microchannel amination using APTMS
treatment on the PDMS surface, as we previously reported [23].
Subsequently, PAMAM dendrimers are immobilized on the aminated surface to enhance its non-fouling performances and at the
same time to provide multiple handles for further aptamer modiﬁcation on the surface for bacteria capture and detection. To test
the efﬁcacy of this approach, ﬂuorescently labeled Escherichia coli
O157:H7 cells are used as model target cells for detection.
2.2. Materials
PAMAM dendrimer generation 7 (G7-PAMAM) and PAMAM
dendrimer generation 4 (G4-PAMAM) were purchased from SigmaAldrich (Oakville, ON). Both G7 and G4 PAMAM-NH2 were functionalized with carboxyl groups (i.e. PAMAM-COOH) using a method
described elsewhere [26,27]. A Sylgard 184 PDMS kit was obtained
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Fig. 1. Schematic illustration showing the general approach to prepare a microﬂuidic device for sensitive bacteria detection. Note that the PAMAM dendrimer modiﬁcation on the
PDMS provides multiple binding sites for further aptamer modiﬁcation of the PDMS surface for bacteria capture, and PAMAM-G7 provides more binding sites than PAMAM-4G for
subsequent aptamer modiﬁcations. Note that surface modiﬁcations are on all inner microchannel walls.

from Dow Corning (Midland, MI). SU-8 negative photoresist was
purchased from MicroChem (Newton, MA). N-hydroxysuccinimide
(NHS),
NHS-rhodamine,
(3-aminopropyl)-trimethoxysilane
(APTMS), and 2-(N-morpholino) ethanesulfonic acid (MES) were
obtained
from
Fisher
Scientiﬁc
(Ottawa,
ON).
1-(3Dimethylaminopropyl)-3-ethylcarbodiimide (EDC) was purchased
from Alfa Aesar (Ward Hill, MA). Anhydrous ethyl alcohol was purchased from Commercial Alcohols (Brampton, ON). Nuclease-free
water and IDTE Solution (pH 7.5) were obtained from Integrated
DNA Technologies (Coralville, IA). Heat killed FITC-labeled E coli
O157:H7, Listeria innocua, E. coli K12 and E. coli ER2420 were
generous gifts from the Canadian Food Inspection Agency (Ottawa,
ON). All aptamers used in this study were obtained from Integrated
DNA Technologies (Coralville, IA). They have been thoroughly studied elsewhere, and their sequences are listed below:
aptamer against E. coli O157:H7 [28]:
5'/NH2/CCGGACGCTTATGCCTTGCCATCTACAGAGCAGGTGTGAC
GG/30
disarray aptamer sequence as a detection speciﬁcity control
[28]:
5'/NH2/GCCGGCTCAGCATGACTAAGAAGGAAGTTATGTGGTGTTG
GC/30
and ﬂuorescent Cy3-aptamer:
5'/NH2/CCGGACGCTTATGCCTTGCCATCTACAGAGCAGGTGTGACG
G/Cy3/30
2.3. Surface modiﬁcations and characterizations
To introduce amino groups to the PDMS surfaces, a wellestablished method was used with minor modiﬁcations [23,29].
Brieﬂy, a PDMS surface was treated with oxygen plasma using a
plasma cleaner (Model SP100, Anatech Ltd, Battle Creek, MI) at 100
mTorr and 118 W for 10 s. Immediately after the plasma treatment,
the treated surface was soaked in APTMS solution (5 wt % in
anhydrous ethyl alcohol) for 20 s. This was followed by removing
excess APTMS solution from the PDMS surface by compressed air.
Finally, the aminated PDMS surface was air-dried at room temperature. To conﬁrm the success of PDMS surface amination, an
Agilent ATR-FTIR (Cary 630, Agilent Technologies) was used. Three
sample surfaces were characterized: native PDMS surface, PDMS
surface treated with APTMS only (no oxygen plasma), and PDMS
surface treated with both oxygen plasma and APTMS.
Furthermore, in order to evaluate the extent of the PDMS surface
amination, a well-established ﬂuorescent labeling technique was

employed [23,30]. Speciﬁcally, the surfaces of interest were ﬂuorescently labeled with e via surface primary amines e rhodamineNHS, and the relative intensity of ﬂuorescence emitted by the
labeled surfaces was measured. This method is an approximate
approach for evaluating the relative amount of functional groups of
interest on a surface. In a typical experiment, 10 mg mL1
rhodamine-NHS in anhydrous dimethylformamide (DMF) was
mixed with PBS (pH 7.4) at a proportion of 500 mL PBS per 1 mL
rhodamine-NHS DMF solution. The resulting labeling solution was
used to react with the surfaces of interest at room temperature for
30 min, after which the surfaces were extensively washed and
stored in PBS (pH 7.4) for future analysis. To analyze ﬂuorescence
intensities on the resulting surfaces, ﬂuorescence images of these
surfaces of interest were ﬁrst captured by an inverted ﬂuorescence
microscope (Olympus IX81, Richmond Hill, ON) equipped with a
high-resolution camera (QImaging, Surrey, BC), and the original
gray-scale images were analyzed using Image-Pro Plus 6.0 software
(Media Cybernetics Inc., Rockville, MD). The ﬂuorescence intensities of the unmodiﬁed surfaces that were otherwise identically
treated were used as controls.
To immobilize PAMAM onto PDMS surfaces, amine functionalized PDMS surfaces were reacted with a reaction mixture of
4.0 mM G7-PAMAM-COOH, 1.74 mM NHS and 1.04 mM EDC in 0.1 M
MES solution (pH 6.0) at 30  C for 2 h. The resulting surfaces were
subsequently washed using PBS (pH 7.4) to remove unreacted reagents and stored in PBS (pH 7.4) for future use. To further investigate surface modiﬁcations, water contact angles of surfaces of
interest were measured using a goniometer (AST Products Inc.,
Billerica, MA). For each sample surface, three measurements (2
readings per measurement, total of 6 readings) were taken at
random (and different) locations on a sample surface, and the
averaged values were reported. To further study PAMAM engraftment, surfaces were characterized by X-ray photoelectron spectroscopy (XPS) (PHI 5500, Physical Electronics, Chanhassen, MN).
The take-off angles were ﬁxed at 45 . For all XPS analysis, 285.0 eV
was used as a reference position for C-H(C) peak. High resolution
spectra of C 1s and N 1s peaks were analyze by XPSPEAK software
Version 4.1. Morphology changes of the modiﬁed surfaces were
studied using a Veeco Di Multimode V atomic force microscope
(AFM) (Santa Barbara, CA). Surfaces of interest were characterized
in contact mode, and the obtained data were further analyzed by a
NanoScope software (Veeco, Santa Barbara, CA).
To immobilize aptamers on the PAMAM modiﬁed PDMS surfaces, the modiﬁed surfaces obtained from the steps above were
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activated by 5.2 mM NHS and 0.26 M EDC in 0.1 M MES solution (pH
6.0) for 1 h at room temperature. The resulting surfaces were
reacted with 100 mL 10 mM aptamer (capped with amino group at 5’
end) in IDTE buffer solution (pH 7.5) under mild agitation for 1 h.
Finally, the surfaces were washed extensively with IDTE buffer
solution (pH 7.5).
Fabrications of PDMS devices were carried out using a standard
soft lithography procedure. Brieﬂy, a SU-8 master for PDMS
microchannels was ﬁrst prepared by coating a 4-inch silicon wafer
with a layer of SU-8, which was subsequently patterned using
photolithography. Subsequently, ten portions of Sylgard 184 and
one portion of curing agent were well mixed, and the mixture was
poured onto the SU-8 master obtained in the previous step. The
PDMS mixture was degassed in a vacuum oven for 45 min at room
temperature, further crosslinked at 100  C for 2 h, and ﬁnally the
cured PDMS microchannel slide was peeled off from the SU-8 mold.
To seal the PDMS microchannel, a glass slide was used. Speciﬁcally,
both PDMS microchannel slide and glass slide surfaces were oxygen
plasma treated in a plasma cleaner (SP100, Anatech Ltd, Battle
Creek, MI) at 100 mTorr and 118 W for 10 s, after which the two
treated surfaces were immediately bonded together under
1.6  102 MPa pressure at 95  C for 30 min. Subsequently, stainless
steel tubes were inserted at terminals of the microchannels and
secured following a protocol as reported elsewhere [31]. The obtained microchannel was surface modiﬁed, in sequence, with
APTMS, PAMAM and aptamers using the same methodologies as
outlined above, respectively. The resulting modiﬁed straight
microchannel had a ﬁnal dimension of 20 mm (height)  90 mm
(width)  4.9 cm (length).
To evaluate pathogenic bacteria detection performances of the
modiﬁed microchannels, ﬂuorescent FITC labeled heat killed E. coli
O157:H7 bacteria (referred to as E.coli-FITC hereinafter) were used
as model target bacteria for detection. Speciﬁcally, E.coli-FITC suspensions with variable cell concentrations ranging from 1  102 to
1  107 cells mL1 were injected into the modiﬁed microchannels
using a syringe pump (Harvard Apparatus, Holliston, MA) at a ﬂow
rate of 0.05 mL h1 for 6 h. This was followed by a washing step in
which the microchannels were extensively washed by air bubbles
and nuclease-free buffer solution to remove unbound E.coli-FITC
cells. This preparation allowed the cells to be captured and subsequently documented by a ﬂuorescence microscope (Olympus IX81,
Richmond Hill, ON).
3. Results and discussion
3.1. PDMS surface modiﬁcation and characterization
To conﬁrm the success of PDMS surface amination, ATR-FTIR was
used to characterize the PDMS surfaces of interest. As shown in
Fig. 2a, in comparison with the control surfaces, PDMS surface
treated with both plasma and APTMS showed additional peaks at
3343 cm1 and 1580 cm1, which can be attributed to NeH
stretching (3300-3500 cm1) and NeH bending (1580-1650 cm1),
respectively [18,32,33], suggesting the success of amination on the
PDMS surface. To further evaluate PDMS surface amination reaction
conditions and compare parameters that affected the extent of
aminations, ﬂuorescence labeling and quantiﬁcation were employed
[23]. As shown in Fig. 2b, for all the APTMS concentration studied,
greater ﬂuorescence intensities were obtained at higher APTMS
concentrations, with the greatest intensity obtained when samples
were treated with 10 wt % APTMS. However, the 10 wt % APTMS
treatment also resulted in uneven distribution of ﬂuorescence
throughout the PDMS surface (also evidenced by signiﬁcantly
higher error bar), suggesting a patchy distribution of amine
coverage on the surface. This is likely due to the fact that APTMS is
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capable of condensation to form gel when it comes in contact with
water [34]. Therefore, treatment with 5 wt % APTMS for 20 s was
selected as the optimal amination condition and used for the rest of
this study unless indicated otherwise.
PAMAM immobilized PDMS surface was characterized using
water contact angle (WCA), XPS and AFM. As shown in Fig. 3a, the
unmodiﬁed PDMS had the greatest water contact angle of 116.4 ±
0.6 , a value consistent with a previously reported value of 110
[35]. As expected, the WCA was signiﬁcantly decreased to 30.4 ±
1.3 after the plasma treatment, most likely due to the introduction
of more hydrophilic hydroxyl groups on the PDMS surface [36].
Furthermore, after the APTMS treatment, the WCA increased to
41.8 ± 2.4 . This change in WCA can be attributed to the success of
amination on the surface, as a similar WCA of 43.8 of an APTMS
treated surface has been reported in a previous study [18]. The
success of the amination on the surface is also conﬁrmed by FTIR
(see Fig. 2a). The water contact angle of the PAMAM modiﬁed PDMS
surface was signiﬁcantly reduced to 7.9 ± 0.6 , strongly suggesting
the success of PAMAM immobilization on the PDMS surfaces
[18,37].
The morphologies of the modiﬁed PDMS surfaces were investigated by AFM in contact mode. As shown in Fig. 3b, PDMS surface
topographies changed signiﬁcantly after PAMAM modiﬁcation
while APTMS treatment of PDMS surfaces did not signiﬁcantly
change surface morphologies. This surface morphology change is
likely due to the 3D molecular packing of PAMAM dendrimers on
the PDMS surfaces [38], and the pronounced surface roughness
changes strongly suggests that PAMAM dendrimers have been
successfully immobilized onto the PDMS surfaces.
To further characterize the surface modiﬁcations of PDMS surfaces, XPS was employed. Two samples, i.e. unmodiﬁed PDMS
surface and PAMAM modiﬁed PDMS surface, were studied by XPS.
Typical N 1s and C 1s XPS peaks of surfaces of interest are shown in
Fig. 3c. The peaks in Fig. 3c were deconvoluted according to a
previous study [39]. As shown in Fig. 3c (I) and 3c (III), it is evident
that after PAMAM surface modiﬁcations, the N 1s peaks showed
signiﬁcant differences before and after surface modiﬁcation. In
addition, the N 1s peak was further decomposed into two components. The most prominent constituent peak at 401.2 eV can be
attributed to amide bond -CONH- [40], which is consistent with the
amide bonds formed when aminated PDMS surface was modiﬁed
with PAMAM-COOH and the amide bonds intrinsic to the PAMAM
[29]. This further suggests that PDMS surface has been successfully
modiﬁed with PAMAM dendrimer. The other peak at approximately
398.9 eV can be attributed to amines C-N(H2) [40], likely caused by
the combined contribution due to the amine from the original
PAMAM-NH2 and the unreacted amines on aminated PDMS surfaces. Similarly, XPS spectrum of PAMAM modiﬁed PDMS also
showed signiﬁcant changes in C 1s peaks after the surface modiﬁcation. In Fig. 3c (II) the constituent of C-Si at 284.5 eV was predominant on the unmodiﬁed PDMS surface whereas the C-Si peak
completely disappeared after surface modiﬁcation, suggesting a
complete coverage of PAMAM on the original PDMS surface [41].
Furthermore, the C 1s peak of the PAMAM modiﬁed PDMS surface
could be further decomposed into four constituents: ﬁrst constituent at approximately 285.0 eV for C-H(C) [42], second constituent
at 286.4 eV for bond C-N, the third constituent at 288 eV for C¼O
[39], and the fourth constituent at about 289.1 eV for (C¼O)-O [43].
After the PAMAM modiﬁcation of the PDMS surface, the component
of C-N increased dramatically and became predominant on the
PAMAM-modiﬁed PDMS surface as demonstrated in Fig. 3c (IV).
The increase of the atomic composition of N, the decline of the
atomic composition of element Si, and the appearance of C¼O peak
at 288 eV and (C¼O)-O peak at 289.1 eV are all strong evidence of
successful PAMAM surface modiﬁcation on the PDMS.
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Fig. 2. Characterization of PDMS surface aminations. (a) ATR-FTIR spectrum for PDMS surfaces before and after amine functionalization, and (b) relative ﬂuorescence intensities of
amine functionalized PDMS surfaces after conjugation with ﬂuorescent rhodamine to characterize optimal amination conditions (error bars indicate standard deviation, n ¼ 7).

3.2. Aptamer immobilization on the PAMAM modiﬁed PDMS
surfaces
To conﬁrm that aptamers were successfully immobilized on the
dendrimer modiﬁed PDMS surfaces, ﬂuorescent Cy3 capped
aptamers (i.e. Cy3-aptamer) were used as probes to be immobilized
on the surfaces, and the ﬂuorescence intensities of the modiﬁed
surfaces were measured. As shown in Fig. 4, it is clear that the
ﬂuorescence intensities on the surfaces of interest increased
signiﬁcantly (p < 0.05) from 67.4 ± 5.2 a.u. before the Cy3-aptamer
modiﬁcation, to 216.8 ± 18.1 a.u. after the Cy3-aptamer

modiﬁcation. It is noted that the background ﬂuorescence observed
in samples before modiﬁcation is mainly due to PDMS ﬂuorescence,
as reported previously [44]. This more than 3-fold ﬂuorescence
intensity increase, when compared with the originally G7-PAMAM
modiﬁed PDMS surfaces, strongly suggests that the Cy3 aptamers
were successfully immobilized on the dendrimer modiﬁed PDMS
surfaces. This conclusion was further supported by the observation
that the surface ﬂuorescence intensity only changed slightly when
Cy3 aptamers were physically adsorbed to the dendrimer modiﬁed
PDMS surfaces (104.1 ± 3.9 a.u.).
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Fig. 3. PAMAM surface characterizations before and after PAMAM modiﬁcations. (a) Water contact angle measurements of PAMAM surface coated with different chemicals. (b) AFM
images of the PDMS surfaces of interest. (c) High resolution XPS spectra of unmodiﬁed and modiﬁed surfaces: (I) N1s pristine PDMS surface; (II) C1s pristine PDMS surface; (III) N1s
PAMAM-modiﬁed PDMS surface; and (IV) C1s PAMAM-modiﬁed PDMS surface.
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Fig. 4. Fluorescence intensities of G7 PAMAM modiﬁed surfaces before and after ﬂuorescent Cy3-aptamer immobilization (error bar ¼ standard deviation, n ¼ 8).

3.3. Detection of E. coli O157:H7 using surface modiﬁed PDMS
microﬂuidic channels
In order to evaluate the detection performance of the surface
modiﬁed PDMS microﬂuidic devices, FITC-labeled E. coli O157:H7
cells were injected into microchannels with different surface
modiﬁcations at a ﬂow rate of 0.05 mL h1 for 6 h. The microchannels of interests were: (a) pristine PDMS microchannels (Unmodiﬁed channels), (b) PDMS microchannels modiﬁed with G7
PAMAM dendrimers (G7 only channels), (c) PDMS microchannels
modiﬁed with G4 PAMAM dendrimers (G4 only channels), (d)
PDMS microchannels modiﬁed with G7 PAMAM dendrimers and
disarray-aptamer channels (G7 disarray-aptamer channels), (e)
PDMS microchannels modiﬁed with G4 PAMAM dendrimers and
disarray-aptamer channels (G4 disarray-aptamer channels), (f)
PDMS microchannels modiﬁed with G7 PAMAM dendrimers and
aptamer channels (G7 aptamer channels), and (g) PDMS microchannels modiﬁed with G4 PAMAM dendrimers and aptamer
channels (G4 aptamer channels), at various cell concentrations
ranging from 102 to 107 cells mL1. These channels were extensively
washed and subsequently observed under a ﬂuorescent microscope. Images from different microchannels are shown in Fig. 5. As
expected, in the unmodiﬁed channels, due to the highly hydrophobic nature of the PDMS surfaces, there were few non-speciﬁc
adherent cells on the channel surface at low E. coli cell concentrations while the presence of many adherent cells were evident at
high cell concentrations (i.e. 106 and 107 cells mL1). In comparison,
both G7 and G4 modiﬁed channels showed signiﬁcantly enhanced
non-fouling properties as non-speciﬁc cell adhesions to the
microchannels were markedly reduced, highlighting the beneﬁts of
using hydrophilic PAMAM dendrimers to signiﬁcantly reduce
detection backgrounds [45,46]. It should also be mentioned that the
non-fouling properties shown here appeared to be more pronounced in channels prepared with G7 modiﬁcations in comparison with the G4 channels, as the G7 channels showed no signs of
any adherent cells for all cell concentrations investigated (see
Fig. 5b and c). This excellent non-fouling property demonstrated by
G7 channels is likely explained by a stronger steric hindrance by G7,

which can be more effective to block interactions between E. coli
O157:H7 cells and the modiﬁed surfaces to prevent non-speciﬁc
bindings. However, after further modiﬁcation by aptamers – on
top of the G7 and G4 modiﬁed surfaces – both G7 aptamer and G4
aptamer microchannels were able to effectively capture E. coli
O157:H7 cells as shown in Fig. 5f and g. In addition, the speciﬁcity of
the interactions between the immobilized aptamers and the
captured cells were further conﬁrmed by the results from both G7disarray aptamer and G4-disarray aptamer channels where disarrayed aptamers were immobilized on the microchannel surfaces,
as demonstrated in Fig. 5d and e.
To further investigate the detection performance of the G7-and
G4-aptamer channels, the detection signals as a function of E. coli
O157:H7 cell concentrations were plotted, as shown in Fig. 5h. It is
evident that there was a linear relationship between detected
ﬂuorescence signals and the cell concentrations investigated in this
study. Furthermore, for a given concentration, the detected ﬂuorescence signals from G7-channels were always higher than those
from G4-channels. A closer analysis of Fig. 5h reveals that the slopes
of each of the straight lines were different with G7-channel
demonstrating a higher slope in the response plot, suggesting a
more sensitive detection by G7-channel as detection sensitivities
are determined by the slope of the response curve [47,48]. The limit
of detection (LOD) was determined to be 102 cells mL1 for detections with G7-channels while the LOD was 103 cells mL1 for
detections with G4-channels.
In order to investigate the mechanism by which the G7-aptamer
channels demonstrated higher detection sensitivity in comparison
with the G4-aptamer channels, ﬂuorescent Cy3-aptamers were
immobilized onto both G7 and G4 modiﬁed PDMS surfaces, and
their relative ﬂuorescence intensities were measured under identical conditions. As shown in Fig. 6, the G7-Cy3-aptamer immobilized surfaces had a signiﬁcantly higher ﬂuorescence intensity
(p < 0.05) than the G4-Cy3-aptamer immobilized surfaces (i.e.
104.2 ± 5.5 a.u. for G4-Cy3-aptamer surfaces vs. 236.8 ± 22.6 a.u. for
G7-Cy3-aptamer surfaces), while the ﬂuorescence intensities for
both surfaces were similar before the Cy3-aptamer immobilizations
(71.5 ± 6.1 a.u. for G4-modiﬁed surfaces vs. 59.7 ± 6.9 a.u. for G7-
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Fig. 5. Detection performance of G7 and G4 modiﬁed microchannels at different E. coli concentrations: (a) unmodiﬁed channels, (b) G7 only channels, (c) G4 only channels, (d) G7
disarray-aptamer channels, (e) G4 disarray-aptamer channels, (f) G7-aptamer channels, (g) G4-aptamer channels, and (h) signal intensities of G7-aptamer and G4-aptamer channel
detections at different bacteria concentrations. Scale bars ¼ 50 mm.

modiﬁed surfaces). This suggests that the G7-modiﬁed surfaces had
higher capacity to immobilize capturing aptamers than the G4modiﬁed surfaces. This result is expected considering that there
are 64 and 512 functional groups for potential aptamer conjugation
on every PAMAM molecule surface, respectively [21]. While it is
unlikely that all PAMAM functional groups conjugated with the
Cy3-aptamers in the experiment, our results showed conclusive
evidence to suggest that G7-modiﬁed PDMS surfaces had higher
capacities to conjugate more capturing aptamers for E. coli detections than G4-modiﬁed surfaces.
So far, we have demonstrated that the beneﬁts of using G7PAMAM other than G4-PAMAM are two-fold: 1) to better prevent
non-speciﬁc adsorption of non-target particles. As we showed
already, while both G7 and G4 modiﬁed surfaces signiﬁcantly
enhanced the non-fouling properties of the PDMS surfaces, G7 had

an even more pronounced effect than G4 (see Fig. 5bee). Therefore,
G7 modiﬁed surface would further reduce the background noise;
and 2) to provide multiple binding sites and to maximize subsequent aptamer bindings for enhanced bacteria capturing probability. As we have shown in Fig. 6, G7 modiﬁed surfaces had a higher
capacity to conjugate capturing aptamers, which would lead to
more surface area and higher probabilities for target captures for
detection. The higher capacity to conjugate more aptamers is critically important for ﬂow systems where bacterial captures generally take place under shear conditions and therefore require
multiple binding sites to achieve stronger interactions for captures,
as it is the case in this study [28]. As a result, this will lead to
enhanced target capturing efﬁciencies, improved detection signals,
and ultimately more sensitive detections. Fig. 7 shows capturing
efﬁciencies of both G4 and G7 microchannels under different ﬂow
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Fig. 6. Fluorescence intensity comparisons between G4-Cy3-aptamer and G7-Cy3-aptamer modiﬁed PDMS surfaces. Values plotted are the average from eight repeats for each
treatment.

Fig. 7. Capturing efﬁciency of microchannels at different ﬂow rates. Error bars are standard deviations, n ¼ 3.

rates ranging from 0.025 to 0.1 mL h1. It is evident that the
capturing efﬁciencies of G7 microchannels were signiﬁcantly
higher than those of G4 microchannels under all ﬂow rate conditions investigated. It is also interesting to note that the capturing
efﬁciencies for G7 modiﬁed microchannels were consistently stable
at ﬂow rates of 0.025 mL h1 and 0.05 mL h1 before the efﬁciency
dropped abruptly at a higher ﬂow rate of 0.1 mL h1. In comparison,
the capturing efﬁciencies for G4 modiﬁed microchannels showed
decreasing trend with increasing ﬂow rates. This difference in
capturing efﬁciency further suggests the advantage of the G7
modiﬁed microchannel in sensitive detection applications. Since
LOD is deﬁned as the lowest bacterial concentration that can provide ﬂuorescence signals at least three standard deviations greater
than those from the negative control [49,50], G7-aptamer modiﬁed
microchannels will perform more sensitive detections than the G4aptamer modiﬁed, as we have already demonstrated.

To further investigate the capturing capacities of the microchannel devices, target E. coli O157:H7 cells (cell concentration ¼ 104 cells mL1) were injected into both G4 and G7 modiﬁed
microchannels for different period of times (i.e. 1 h, 3 h, 6 h, and
12 h). As shown in Fig. 8, it is clear that for both G4 and G7 modiﬁed
microchannels, captured cells showed an increasing trend with
increasing time. It is also evident that, in comparison with the G4
modiﬁed microchannels, the G7 modiﬁed microchannels captured
signiﬁcantly greater number of target cells. A closer analysis of the
data also reveals that the capturing efﬁciency of G7 microchannels
maintained at a relatively high level during the whole duration of
the experiment (i.e. 12 h) while that of the G4 microchannels
experienced a generally decreasing trend over time, likely suggesting gradually saturated binding sites in the G4 microchannels.
It is also worthwhile to mention that in this study, small molecular sized aptamers demonstrate unique advantages over big
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Fig. 8. Capturing capacities of the microchannel devices as demonstrated by number of captured cells and capturing efﬁciency over time (cell concentration ¼ 104 cells mL1 and
ﬂow rate ¼ 0.05 mL h1. Error bars are standard deviations, n ¼ 3).

antibody molecules in that multiple copies of aptamers can be
immobilized on detection surfaces of the microﬂuidic channels via
PAMAM multi-handled templates whereas arguably only limited
number of antibodies can be immobilized due to their comparable
sizes to the PAMAM molecules [21,22].
3.4. Detection speciﬁcity
The speciﬁcity of the G7-aptamer modiﬁed microchannels was
investigated by detecting non-target bacteria including FITC
labeled Listeria innocua, E. coli K12 and E. coli ER2420. The detection
signals were collected and plotted at two different bacteria concentrations as shown in Fig. 9. It is clear that the ﬂuorescence signals for the target E. coli O157:H7 at concentrations of both 103 and
104 cells mL1 were signiﬁcantly higher than those of non-targets,

suggesting excellent detection speciﬁcities of the current detection
platform for E. coli O157:H7. As expected, signals from E. coli
O157:H7 cells pre-treated with aptamers were signiﬁcantly
reduced in comparison with those of the untreated for both concentrations investigated, further conﬁrming the detection speciﬁcity of the detection system.
Furthermore, Table 1 shows detection performances from some
recently published E. coli O157:H7 detection systems. It is clear that
the current G7-aptamer microchannel detection system demonstrates one of the best LOD performances amongst all reported
electrochemical and ﬂuorescence-based detection systems, and
that the present microﬂuidic system is a much simpler approach.
While the current study employs ﬂuorescently labeled cells for
detection, it is expected that real-world samples can also be
captured in the same fashion and detected by ﬂuorescently labeled

Fig. 9. Detection speciﬁcity of the G7-aptamer modiﬁed microﬂuidic device. Non-target cells: E coli ER 2420, E coli K12, Listeria innocua, and E. coli O175:H7 pre-treated by aptamer
at 0.1 M for 30 min. Error bars are standard deviations, n ¼ 3.
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Table 1
Comparisons of the current G7-apatamer microﬂuidic detection approach with other recently reported methods for E. coli O157:H7 detection.
Detection Methods

Samples

LOD

Ref.

Piezoelectric biosensor
Multiplex ﬁber optic biosensor
Fluorescence immunoassay
Fluorescence immunoassay
Microelectrode array biosensor
Electrochemical immunoassay
Surface plasmon resonance biosensor
Electrochemical biosensor
Amperometric immunoassay
Electrochemical immunoassay
Dendrimer-aptamer based Fluorescence biosensor

Bacteria in PBS solution
Ready-to-eat meat samples
Spiked whole milk
Bacteria in deionized water
Bacteria in 0.1% peptone water
Ground beef
Spiked milk, apple juice, and ground beef
Food matrices
Bacteria in PBS solution
Bacteria in PBS solution
Bacteria in PBS solution

2  103 cells mL1
1  103 cells mL1
5  102 cells mL1
1  104 cells mL1
1  104 cells mL1
2  103 cells mL1
1  102e1  103 cells mL1
1  102 cells mL1
3.6  103 cells mL1
3  102 cells mL1
1  102 cells mL1

[55]
[56]
[57]
[28]
[13]
[58]
[59]
[60]
[61]
[62]
current study

secondary antibodies or aptamers to give off signals for detections.
It is also possible that these aptamer modiﬁed microchannels can
be used as a platform to capture, concentrate and purify samples
that can be subsequently released by simply heating the microchannels for a short period of time and the released samples can be
detected by other detection methods while the regenerated
microchannels can be re-used [51,52].The simplicity of this design
and its potentials to integrate with other microﬂuidic on-chip
functionalities, such as sample concentrators [53] and separators
[54], make the current G7-aptamer microﬂuidic detection method
a powerful tool for sensitive bacteria detections.
4. Conclusions
In this study, we designed a simple and sensitive PAMAM
dendrimer-aptamer microﬂuidic detection system to detect E. coli
O157:H7 cells. We demonstrated that PAMAM dendrimers were
able to reduce background signals and at the same time acted as
multi-handled templates for subsequent conjugations of multiple
copies of aptamers on the detection surface for enhanced bacteria
capturing probabilities. This design concept was further conﬁrmed
by comparisons of detection performances between G7-and G4aptamer modiﬁed microﬂuidic detection systems. The results
showed that G7-aptamers microchannels demonstrated enhanced
detection signals, improved cell capturing efﬁciencies and at
increased detection throughputs. In addition, we also showed that
the G7-apatamer modiﬁed detection system achieved a low LOD of
102 cells mL1 in bacteria spiked buffer samples with excellent
detection speciﬁcity, an impressive detection performance for
whole cell detections by simple microﬂuidic devices. It is expected
that its simple design in combination with other on-chip functionality modules, such as sample separations and concentrations,
makes the current microﬂuidic device a promising approach to
achieve sensitive whole cell detections.
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