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ARTICLE INFO ABSTRACT

The combination of surface-enhanced Raman spectroscopy (SERS) technology with microfluidics makes it
possible to diagnose genetic disease through label-free on-chip DNA detection. However, open problems in-
SERS cluding the integration of SERS substrate with microfluidic devices, controllable trapping and releasing of target
Laser scribing molecules are still challenging. Here we demonstrate a facile laser scribing method to fabricate silver nano-
Siliiz f:;opamdes particles (AgNPs) and graphene oxide (GO) based biochips as a reusable SERS sensor for DNA detection.

Programmable laser scribing of the AgNPs@GO composite film enables direct patterning of sensitive SERS
channels that consist of graphene supported AgNPs by exfoliating the composites into hierarchical porous
structures. Integrating the SERS-active patterns with a microfluidic chip forms a biochip for allowing SERS
detection of DNA. The noncovalent interactions between DNA and graphene mediated controllable trapping and
releasing of DNA sequences, enabling efficient on-chip SERS detection and the regeneration of the biochip. The
simple, green and cost-effective fabrication of the SERS-active biochips reveals great potential for biomolecular
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sensing and genetic engineering applications.

1. Introduction

DNA analysis [1-4] that enables diagnosis of genetic disease is of
great importance to molecular biology [5]. Currently, to get effective
genetic structure information, various optical- [2,6,7], chemical- [8,9],
electrical- [1,10], and colorimetric [11] strategies have been employed
in gene detection. Generally, polymerase chain reaction (PCR) [12] and
fluorescent detection [7,13] are common procedures in DNA analysis,
in which the collection of specific DNA sequences enables quantita-
tively detecting the hybridization of the fluorophore-containing DNA,
and thus the sequencing information of target DNA can be obtained.
However, the intricate PCR procedure that consists of pretreatment,
amplification and detection is not compatible with high-throughput on-
chip DNA detection, because PCR generally requires precise and re-
peated temperature alteration; and thus a certain length of time is
needed to complete the repeated replication of a segment of DNA. In
this regard, novel DNA detection strategy that permits high-throughput
on-chip analysis is highly desired.

Surface-enhanced Raman spectroscopy (SERS) features label-free
fingerprint Raman spectra of analytes with ultra-high sensitivity by

taking advantages of the vibrational modes of molecules [14,15]. The
enhancement mechanism of SERS has been generally ascribed to the
highly enhanced electromagnetic field on the metal nanostructures due
to the excitation of localized surface plasmon resonance (LSPR) and the
enhanced chemical interaction between target molecules and SERS
substrates, in which the strong amplified electromagnetic field is
dominant since it could reach an enhancement up to 10'° [16,17].
Recently, SERS enabled lab-on-a-chip (LoC) systems emerge as a pro-
mising approach to label-free DNA detection [4,17-19], since SERS
technology permits highly sensitive detection of trace DNA sequences
with fingerprint information [4,20-23]. Especially, the combination of
SERS substrates with microfluidic devices [24,25] enables high-
throughput on-chip analysis with low sample consumption, high sen-
sitivity and specificity to target molecules, revealing great potential for
gene diagnosis. As typical examples, Zhao et al. fabricated an on-chip
SERS system with silver nanoparticles (AgNPs)/Si nanopillar array
embedded in microfluidic channels [26,27], exhibiting an excellent
performance in detecting double strand DNA. Luke P. Lee et al. reported
a high-density Ag nanoparticle film, which successfully tuned the par-
ticle spacing with controllable SERS detection [23]. Besides, on-chip
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SERS detection has been achieved based on various SERS enabled LoC
platforms, such as microfluidic channels equipped with roughed-Au
layers [28,29], aluminum nanocrystals [30], silver nanoplates [31], and
nanogaps-rich gold nanomaterial [32,33].

Despite the aforementioned advances in recent years, on-chip SERS
detection of DNA still suffers from series of problems. First, it is tech-
nically challenging to integrate efficient SERS substrates within a mi-
crofluidic chip, since the traditional strategies for producing SERS
substrates are 2D technologies that are not compatible with non-planar
microfluidic channels; second, owning to the low Reynolds number,
flowing fluids in micro-channels become laminar. A key consequence is
target biomolecules do not necessarily interact with the SERS substrates
through diffusion, thus high-efficiency trapping strategy is essential for
sensitive DNA detection [34]; third, most of the SERS chips suffer from
poor reusability [35], residual biomolecules on the SERS substrate
would cause cross contamination, interfering the next experiments. In
this regard, the development of reusable SERS-active bio-chips that
enable controllable trapping and releasing of biomolecules is still a
challenging task.

We report here a facial laser scribing [36,37] of AgNPs and gra-
phene oxide (GO) composites (AgNPs@GO) for the fabrication of SERS-
active biochips towards DNA detection. AgNPs@GO composites were
prepared by UV irradiation induced photoreduction of Ag(NHs)* and
GO in aqueous solution [38]. Programmable laser scribing of the
AgNPs@GO composite film enables direct writing arbitrarily shaped
patterns that consist of AgNPs and reduced GO (AgNPs@RGO), since
the laser treated region has been exfoliated into hierarchical porous
structures. By transferring the channel-shaped AgNPs@RGO patterns to
a pre-designed PDMS-based microfluidic chip through general stamping
method, a SERS-active biochip has been successfully developed. The
laser exfoliated RGO foam not only serves as nanoporous scaffold for
AgNPs [38,39], but also acts as an active substrate that shows strong
interaction with target biomolecules such as DNA sequences [6,13,34].
The closely packed AgNPs on graphene sheets can electromagnetically
enhance the Raman signal [40-42] due to coupling of localized surface
plasmon resonances of adjacent nanoparticles [17,31,43]. Thus the
AgNPs@RGO biochip can work as a SERS sensor for on-chip DNA de-
tection. The noncovalent interaction [13,34] between DNA and gra-
phene can be employed to selective trapping and releasing of target
DNA sequences, which not only promotes the sensitivity of this SERS
sensor, but also makes it reusable [44,45]. Direct laser scribing of
AgNPs@RGO-based SERS sensor reveals great potential for developing
sensitive, portable and reusable biochips.

2. Experiments
2.1. Preparation of AgNPs@GO composite material

AgNPs@GO composite materials were fabricated by one step pho-
toreduction method. NH3-H,O (Sigma-Aldrich Co.) was slowly dropped
into 10 mL of AgNO; solution (Sigma-Aldrich Co., 1 mM) under mag-
netic stirring (800 rpm) until the precipitates disappeared. The suitable
amount of ammonia was added to form clear Ag(NHs)," first. The
obtained Ag(NH3),OH was mixed with 10 mL of GO solution (4 mg/
mL), which was prepared by a modified Hummer’s method. The re-
sulting solution was irradiated under UV-light (500 W, Philips,
QVF135) for 10min, under stirring. The AgNPs@GO solution was
formed and washed with deionized water for 3 times. Then the com-
posite materials were re-dissolved in 20 mL of deionized water.

2.2. Laser scribing of AgNPs@GO film

The laser-scribe approach, which belongs to continuous laser direct
writing method, is based on a 780nm focused near-infrared laser
(200 mW) within a DVD drive. The DVD can be located and written
repeatedly by Nero StartSmart Essentials, and it could be used to realize
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a large-area, fast and maskless reduction of GO. Only 20 min were re-
quired for the entire patterning of the front cover of a DVD disc. In our
experiment, the AgNPs@GO composite solution was directly cast onto
DVD disc. After drying under ambient condition, the stack and flat films
were formed on the disc with an average thickness of 2 um. Then the
disc was inserted into the laser-scribe DVD drive. The pre-programmed
channel patterns could be directly “written” onto the composite film,
forming foam-like AGQNPs@RGO structures.

2.3. Fabrication of the SERS-active biochip

Our biochip is composed of a PDMS (Sylgard 184 Silicone
Elastomer, Dow Corning Corporation) microfluidic channel and a flat
PDMS substrate integrated with the same AgNPs@RGO channel pat-
terns. The AgNPs@RGO based channel pattern prepared by laser
scribing was selectively transferred to the PDMS channel, and the
magnified SEM image showed that the transferred substrate retained
the loose and exfoliated morphology (Fig. S1). Meanwhile, the region
without laser-scribe treatment could not be lifted-off due to the com-
pact stack of graphene layers. The bare PDMS surface facilitated the
follow-up sealing with channels. After exposure to air plasma, tight
covalent bonds were formed between two conformal layers, ultimately
making an enclosed SERS-active biochip. Through this simple proce-
dure, a flexible AgNPs@RGO biochip was obtained.

2.4. Electric field simulation of the AgNPs array on graphene sheet

The electric field distribution of the AgNPs on graphene sheet was
simulated by the finite difference time domain method (FDTD). The
AgNPs@RGO composite material was simplified into two-dimensional
case. The AgNPs were adjusted with an average diameter of nearly
5nm, and the nanogaps between particles were set to be ~2nm.
Localized surface plasmon resonance was excited by 532nm wave-
length light excitation around AgNPs. The LSPR was coupled with one
another between two adjacent particles; thereby the electromagnetic
field could be enhanced by 200.

2.5. Characterizations

The SEM images of the samples were measured using a JEOL JSM-
7500F field emission scanning electron microscope. X-ray photoelec-
tron spectroscopy (XPS) was performed using an ESCALAB 250 spec-
trometer (Thermo Fisher Scientific, USA). XRD data were recorded on a
Rigaku D/Max-2550 diffractometer with Cu Ka radiation
(A = 0.15418 nm). Surface enhanced Raman spectra were measured on
a JOBIN YVON T64000 equipped with a liquid-nitrogen-cooled argon
ion laser at 532 nm (Spectra-Physics Stabilite 2017) as an excitation
source. The laser power was ~ 30 uW on the samples, and the average
spot size was 1pum in diameter using a long-working distance 50 x
objective. The ssDNAs were purchased from Takara Bio Incorporated
(Otsu, Shuga, Japan). The samples were dissolved in phosphate buffer
(1 nM). SERS spectra were collected with 5s exposure time, 3 accu-
mulations. CLSM images were obtained using an LEXT 3D measuring
laser microscope (OLS4100).

3. Results and discussion

To develop a facile strategy to fabricate a SERS-active DNA biochip,
a laser scribing technology [36] was employed to make AgNPS@RGO
SERS substrate. Fig. 1a shows the fabrication procedure of the AgNPs@
RGO biochip. First, AgNPs@GO composite material was prepared
through one-step UV-photoreduction of an aqueous mixture of silver-
ammonia and GO [38]. Herein, to prevent uncontrollable chemical
reduction of both GO and silver ions, a suitable amount of ammonia
was added to form clear Ag(NH3),OH solution. The formation me-
chanism of AgNPs on GO sheet under UV irradiation is illustrated in
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Fig 1. Fabrication of AGNPs@RGO biochip. (a) Schematic illustration of the fabrication procedure of an AGNPsS@RGO SERS biochip. (b) The mechanism of AgNPs
growth onto graphene sheets upon UV irradiation. (c) Programmable patterning of various AGNPs@RGO SERS substrates for biochip assembly. Scale bar: 500 pm. (d)

Photograph of the as-prepared AgNPs@RGO SERS biochip. Scale bar: 1 cm.

Fig. 1b. Briefly, the cationic Ag(NH3),* absorbed onto the negatively
charged GO surface due to the electric interaction [39] can be reduced
into silver under UV irradiation. Since the capped NHj groups pre-
vented the Ag nucleus from aggregating, the as-formed AgNPs can
anchor onto the graphene sheets with high dispersibility and uniformity
[38]. Second, the as-prepared AgNPs@GO solution was casted on to a
DVD disc that permits Light-Scribing [37]. After drying naturally, a
computer-designed pattern of the biochip channel network was directly
written on the AgNPs@GO composite film. After laser treatment, black
channel patterns could be observed due to the photoreduction of GO.
Herein, we have to point out that the UV-vis absorption spectrum of the
GO showed that it has poor light absorption in the near-infrared region.
Additionally, the power of laser in the DVD driver is pretty low
(780 nm, 200 mW). Hence, to trigger complete reduction of GO film, it
generally needs to scan the sample for several times. In our work, the
surface plasmon of AgNPs could significantly promote the reduction
degree. When 780 nm laser irradiated the AgNPs, the surface plasmon
can be excited (Fig. S2). The oscillation of the surface plasmon can help
to convert light into heat, which facilitates the deoxidation process. In
the case of GO, the oxygen containing groups (OCGs) can be removed
slightly after laser scribing for only one time. In contrast, the OCGs of
the AgNPs@GO composite were removed dramatically after laser
scribing at the same condition (Fig. S3). The reduction degree of GO
and AgNPs@RGO films can be easily distinguished by naked eyes (Fig.
S4). These results confirm the advantage of our modified laser scribing
technology.

By taking advantage of the “direct writing” feature [46], any desired
microfluidic channels patterns can be created on the AgNPs@GO films
(Fig. 1c). Unlike conventional photolithography, the light-scribe

technique enable one-step patterning of graphene without the use of
masks and expensive instruments. In this regard, it is a cost-effective
and scalable method for chip fabrication. Using a simple stamping
method, the AgNPs@RGO channel patterns can be selectively trans-
ferred to polydimethylsiloxane (PDMS) slice for chip fabrication. Then,
another PDMS slice with the same channel pattern was covered over the
AgNPs@RGO patterns, forming a sealed PDMS chip with embedded
AgNPs@RGO SERS substrate (Fig. 1d).

It is well known that GO could be reduced into RGO using various
light sources [47], including UV irradiation [48], flash lamp [49],
sunlight [50], and lasers [36,37]. We adopted laser scribing strategy
using a near-infrared (NIR) laser (788 nm) of a standard LightScribe
DVD optical drive, because the laser scribing reduction of GO can in-
duce a highly porous structure. As shown in the scanning electron mi-
croscope (SEM) image (Fig. 2a), the laser-scribing treatment break the
continuous GO film into small pieces and exfoliated the stacked GO film
into a porous structure; whereas the untreated region remained smooth
and flat. This apparent morphology change was of benefit to subsequent
transfer of the AgNPs@RGO composite to PDMS substrate. Laser scan-
ning confocal microscopy (LSCM) image confirms the exfoliated struc-
ture of the AgNPs@RGO region; an expanded surface formed along the
laser scanning path due to the rapid degassing of oxygen containing
groups (OCGs, eg., carbonyl, epoxy and hydroxyl groups) (Fig. S5). The
laser scribing technology enable precise patterning, the resolution of a
single line can reach 20 um, which is precise enough for most of mi-
crofluidic channels (Fig. 2b). The AgNPs from on graphene layers were
closely and uniformly packed with narrow gaps of ~2nm (Fig. 2c),
which can produce intense “hot spots” [17,26,27] for SERS detection.
More importantly, the hierarchically porous structure can make more
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Fig. 2. Surface morphologies of AgNPs@RGO. (a) SEM image of laser scribed AgNPs@RGO film. (b) Top-view SEM image of AgNPs@RGO. (c) High-resolution SEM
images of exfoliated AgNPs@RGO foam, the inset is the SEM of AgNPs closely packed on the surface of graphene sheets. (d) TEM image of AgNPs@GO and the size
distribution of AgNPs decorated on graphene sheet. The inset is the HRTEM image of an AgNP. (e) TEM image of AgNPs@RGO and the size distribution of AgNPs on
graphene sheets after laser treatment, the inset is the HR-TEM image of an AgNP.

SERS “hot spots” exposed to the environment and thus facilitate the
adsorption/desorption of biomolecules, promoting the sensitivity.

Transmission electron microscopy (TEM) images gave a clear com-
parison of the AgNPs before and after laser treatment. Notably, the as-
formed AgNPs decorated on GO sheet shows an average diameter of
~5.5nm (Fig. 2d). The density of AgNPs on graphene sheet could be
tuned by changing the UV irradiation time [38] (Fig. S6). After laser
treatment, the AgNPs grew bigger due to NIR-laser induced thermal
coalescence effect (Fig. 2e). The average diameter increased to
~11 nm. High-resolution TEM (HRTEM) image (inset of Fig. 2e) in-
dicates the crystalline lattices of (111) phases (d = 0.23 nm) of Ago,
which kept unchanged during laser scribing.

In addition to the effects on AgNPs, further analysis has been carried
out to make a comprehensive comparison of the property/structural
changes of GO before and after laser scribing. The X-ray photoelectron
spectroscopy (XPS) of Cls peaks was collected to investigate the
carbon/oxygen (C/0O) atom ratio variation. The C1 s spectra could be
resolved into three peaks, representing C—C (284.6eV), C—O
(~286.6 eV, epoxy and hydroxyl groups) and C=0 (~288.5€eV, car-
bonyl groups), respectively (Fig. 3a). After UV reduction, the C—O and
C=O0 contents of the AgNPs@GO composite decreased obviously as
compared with that of pristine GO, indicating that the OCGs were
partially removed. The C/O mass ratio slightly increased from 1.4 (GO)
to ~3.5 (AgNPs@GO). After laser scribing treatment, the OCGs of the
AgNPs@RGO sample was further removed, leading to a high C/O mass
ratio of ~42. The survey spectra of GO, AgNPs@GO and AgNPs@RGO
given a comprehensive comparison of O 1s and C 1s peaks changes (Fig.
S7). It was reported that RGO sheets have much stronger interaction
with DNA sequences than that with pristine graphene [51-53]. Ac-
cording to the literature results, the molecules adsorbed on the GO and
RGO sheet is almost the same [51], since both m-;t interaction and
hydrogen bonding may contribute to the interaction between guest
molecules and GO/RGO. In the case of ssDNA molecules, they can in-
teract with graphene domain mainly through noncovalent binding. For
GO, the presence of OCGs can interrupt the large sp? domains, which
may more or less depress their interaction. However, the laser reduction
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of GO can partially recover the sp> domains, and thus offering much
stronger interaction rate than GO. In this regard, reduction of GO is
more beneficial for trapping of biomolecules such as DNA, further
promoting the sensitivity of the resultant biochips.

The Raman spectra of GO, AgNPs@GO, AgNPs@RGO is shown in
Fig. 3b. Typical D and G bands round at 1350 cm ! and 1580 cm ™! that
reflect disorders/edges in the sp? domain and the Ey¢ phonon of C sp>
atoms can be observed all over these three samples. After UV irradia-
tion, the intensity of D-band of AgNPs@GO sample decreased obviously
due to the reconstruction of sp> domain. After laser scribing treatment,
the D-band intensity increased slightly, which can be attributed to the
cutting and exfoliation of the graphene sheets, which induced more
dangling bonds at the edge of small sheets. However, the overall peak
narrowing of D and G bands indicated the decrease in defect types,
suggesting the removal of OCGs. In addition, the AgNPs@GO and
AgNPs@RGO composites presented an obvious increase in Raman
signal intensity, nearly one order of magnitude. This phenomenon was
consistent with the SERS charge transfer effect between AgNPs and
RGO.

XRD patterns show that the layered structure of GO becomes dis-
ordered after the formation of AgNPs and the laser scribing treatment
(Fig. 3c), since typical diffraction peak at 11° disappeared in the XRD
patterns of AgNPs@GO and AgNPs@RGO samples. The removal of
OCGs helps to restore the graphitic crystal phase that related to the
(200) plane of RGO. In addition, the diffraction peaks that corresponds
to the (111), (200) and (220) plane of the silver face center cubic
structure appear at 38.7°, 44.7° and 65.1°, respectively [38], which
suggests the presence of AgNPs in the samples of AgNPs@GO and
AgNPs@RGO.

Finite-difference time-domain (FDTD) simulation has been adopted
to investigate the electromagnetic field enhancement of the AgNPs@
RGO substrate (Fig. 4a). The simulation of the AgNPs structures was
based on the real morphology of AgNPs@RGO shown in the inset of
Fig. 2c. The AgNPs are close-packed on graphene sheet in a dense ar-
rangement with diameter nearly 10 nm. The coupling of localized sur-
face plasmon resonances [43,54] of adjacent nanoparticles was found
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Fig. 3. (a) Cls XPS spectra, (b) Raman spectra and (c) XRD patterns of GO, AgNPs@GO and AgNPs@RGO samples.

to be essential for achieving high SERS enhancement [41,55]. For two
adjacent AgNPs, the electrons can be enriched at a relatively large space
between the electron clouds of their outer orbits; whereas, for AgNPs
decorated on graphene, due to the lower overall energy of its electron
orbit, a great number of electrons are confined within a much smaller
region, probably at their interface, thus creating a significantly en-
hanced electromagnetic field. According to our results, the maximum
electric field enhancement (E/Eg) can reach 200 times, which can lead
to significant enhancement in SERS signal, since the enhancement
factor is theoretically proportional to |E/Eq|* [17]. As a control ex-
periment, we compared the SERS performance of AgNPs@RGO sub-
strate with AgNPs@GO (before laser scribing) and laser scribed RGO
films without loading AgNPs (Fig. 4b). By using 10~ ®M of R6G as the
probe molecule, the AgNPs@RGO substrate shows the highest SERS
enhancement, confirming the unique advantage of combining AgNPs

with graphene. More importantly, the intensity of SERS signal was
proportional to the amount of molecules adsorbed on the SERS sub-
strate, the intensity of the SERS spectra decrease when the concentra-
tions of R6G decrease. The LOD can reach 10~ '°M (Fig. 4c). The SERS
peaks at 1353 and 1509 cm ~ ! are related to the aromatic and aliphatic
C—C stretching modes in R6G, respectively. According to the calcula-
tion formula

EF = Isgrs X Npuik

Nsgrs X Tpuik

where Iggrs is the vibrational intensity of a mode in the surface en-
hanced Raman spectrum, I, is the intensity of the same mode in the
Raman spectrum, Ngggs is the number of molecules adsorbed on the
substrate within the laser spot area, and Ny, is the number of mole-
cules excited within the volume of the laser waist in a bulk sample
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Fig. 4. (a) FDTD stimulation of the electric field distribution of compact Ag array assembled on graphene layer. (b) SERS spectra of R6G molecules detected on
different substrates. (c) SERS spectra of R6G with different concentration from 107> to 10~ 1° M.
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Fig. 5. (a) Schematic illustration of the DNA trapping and releasing mechanism on AgNPs@RGO substrate. (b) SERS spectra of a 30-base ssDNA sequence with
increasing injection time (from 1 min to 10 min, with a concentration of 107 °M unchanged). (c) SERS spectra in the presence of the cssDNA sequence injected into
the channel. (d) Reusability of the biochip for five cycles of DNA SERS detection. (e) Reproducibility of biochips for detection measured at 50 different points.

[16,31]. In our result of AgNPs@RGO substrate, the EF value was es-
timated to be nearly 8.9 x 108,

The graphene and AgNPs composites can act an excellent platform
for SERS detection of biomolecules such as DNA, since the noncovalent
binding affinity between single-stranded DNA (ssDNA) and graphene
sheets together with the strong interaction between complementary
ssDNA (cssDNA) can be well employed for controllable trapping and
detachment of target DNA sequences (Fig. 5a). Such a ssDNA and gra-
phene interaction has been previously used in the fluorescent detection
of DNA [13], in which theoretical and experimental results show that
ssDNA sequences are directly lying on graphene layer with all nucleo-
bases flat to favor m-;t stacking between the bases and aromatic carbons
in graphene. However, in the presence of a cssDNA, the formation of
double-stranded DNA (dsDNA) will hide the base within the double
helix, which disturb the interaction between ssDNA and graphene, thus
a controllable detachment of the target can be realized. The con-
trollable adsorption and desorption of DNA sequences is of benefit to
the trapping and detachment of targets, thus making the SERS
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substrates not only sensitive but also reusable [44].

In this work, we integrated the AgNPs@RGO with a PDMS micro-
fluidic chip which was designed as an efficient SERS sensor for on-chip
DNA detection. When the injected ssDNA solution passed over the
AgNPs@RGO substrate in the channel, DNA sequences can be attached
to the graphene sheet. The expanded foam structure of graphene was
favorable to expose much larger surface to the microfluids, and thus the
capillary force and strong noncovalent binding between DNA sequences
and graphene benefited the trapping of more target molecules. Here, it
is worthy pointing out that the trapping of biomolecules is of great
importance to the on-chip SERS detection, because the flowing fluids
may become laminar at the microscale, and thus the target biomole-
cules do not necessarily interact with the embedded SERS substrates
without efficient trapping, resulting in poor sensitivity.

To validate our proposed method, we carried out the on-chip SERS
detection experiments. We kept the concentration of a 30-base ssDNA
samples at 10"®M, and measure the SERS signal changes with time.
Obvious SERS signals can be detected within 1 min (Figs. 5b and S8).
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The SERS signals enhanced with the increase of time due to the trapping
of more ssDNA molecules. Typical bands at 832, 1244 and 1513 cm ™!
were assigned to poly C, while the bands at 610, 359, 1407 and
1559 cm ~ ! were related to poly G. Although, the D band and G band of
RGO can be also detected, the two broad peaks do not overlap the
signature of DNA molecules. Given that the sSDNA sequences contained
poly A, C, T, G with the ratio of 7:9:7:7, the SERS signals cover all of
these bases information. In addition, the sensitive on-chip SERS de-
tection enables detecting DNA sequences with small variations of mo-
lecular structures, revealing the potential for real gene detection. As a
proof of concept, we also tested the cssDNA sequences (the A, C, T, G
ratio: 7:7:7:9). SERS spectra tested at different time were shown in Fig.
S9. Most of the band appeared unchanged, but the bands related to poly
C were lower, and the bands assigned to poly G were enhanced as
compared with the ssDNA sequences, in good consistent with the pro-
portion of the four bases. The SERS signals of ssDNA adsorbed on
AgNPs@RGO, AgNPs and RGO substrates are investigated (Fig. S10).
Experimental conditions have been carefully controlled to make their
particle sizes, reduction time, film thicknesses and concentration of
ssDNA comparable. The RGO sensor produces a relatively weak signal,
since the chemical enhancement of SERS signal is much lower as
compared with electromagnetic enhancement derived from AgNPs.
SERS signal detected based on AgNPs is relative weak due to the weak
interaction between the substrate and ssDNA. The signal obtained by
AgNPs@RGO sensor is superior to the other two substrates due to the
synergistic effect of the electromagnetic enhancement and strong in-
teraction between DNA and graphene.

Besides, the reusability of the AgNPS@RGO biochip is also an at-
tractive feature. By making full use of the competitive noncovalent
interaction between graphene-ssDNA and ssDNA-cssDNA, the trapped
ssDNA sequences can be washed away from the AgNPs@RGO substrate,
in this way, the SERS sensor can be regenerated for cycling usage. After
injecting the cssDNA into the channels, the SERS signal of the pre-
viously trapped ssDNA decreased with the increase of interaction time.
The SERS signal of ssDNA disappeared after 10 min, indicating the re-
generation of the SERS chip (Fig. 5¢). To evaluate the reusability of our
AgNPs@RGO biochip, another five rounds of ssDNA detection have
been carried out. Notably, during five cycles of detection and re-
generation, the intensity of three typical bands at 832, 1039, and
1244 cm ™! can be switched reversibly. Moreover, the SERS enhance-
ment almost keeps a constant value, indicating the very stable perfor-
mance during recycled usage (Fig. 5d).

The uniform distribution of AgNPs on the graphene sheets can also
guarantee reasonable signal reproducibility. Experiments were per-
formed to confirm the reproducibility by randomly detecting the ssDNA
molecules at 50 different points. As shown in Fig. 5e, these 50 spectra
demonstrated superior homogeneity, indicating the good reproduci-
bility. Very low relative standard deviation (RSD) of 4.3%, 4.2% and
5.1% has been achieved with respect to the characteristic peaks at
832cm ™!, 1244cm™?, 1537 cm ™7, respectively. The superior signal
reproducibility render the biochip reliable performance in real clinical
applications.

4. Conclusions

In summary, a high-efficiency and reusable SERS-active biochip has
been fabricated through a facile and low-cost laser scribing treatment of
AgNPs@GO composites. Arbitrarily shaped patterns can be directly
“written” on the composite film due to the laser induced exfoliation and
reduction of GO, which facilitates the design and fabrication of SERS-
active biochips consisting of graphene supported AgNPs. Since the
biomolecules interact noncovalently with graphene material, con-
trollable trapping and releasing of DNA sequences can be achieved,
which not only promotes the sensitivity of the SERS detection of DNA,
but also makes it possible to regenerate the biochips for reusage. As a
typical demonstration, on-chip SERS detection of a 30-base ssDNA
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samples at 10~ ®M can be realized within 1 min. Additionally, reason-
able high SERS signal reproducibility and low RSD of ~5% has been
achieved. The AgNPs@RGO based biochips hold great promise for high-
throughput on-chip detection of biomolecules.
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