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Nanogap Plasmonic Structures Fabricated by Switchable
Capillary-Force Driven Self-Assembly for Localized Sensing
of Anticancer Medicines with Microfluidic SERS

Zhaoxin Lao, Yuanyuan Zheng, Yichuan Dai,

Yanlei Hu,* Jincheng Ni, Shengyun Ji,

Ze Cai, Zachary J. Smith, Jiawen Li, Li Zhang, Dong Wu,* and Jiaru Chu

1. Introduction

Nanogap plasmonic structures, which can strongly enhance electromagnetic

fields, enable widespread applications in surface-enhanced Raman spec-
troscopy (SERS) sensing. Although the directed self-assembly strategy has
been adopted for the fabrication of micro/nanostructures on open surfaces,
fabrication of nanogap plasmonic structures on complex substrates or at such
designated locations still remains a grand challenge. Here, a switchable
self-assembly method is developed to manufacture 3D nanogap plasmonic
structures by combining supercritical drying and capillary-force driven self-
assembly (CFSA) of micropillars fabricated by laser printing. The polymer
pillars can stay upright during solvent development via supercritical drying,
and then can form the nanogap after metal coating and subsequent CFSA.
Due to the excellent flexibility of this method, diverse patterned plasmonic
nanogap structures can be fabricated on planar or nonplanar substrates for
SERS. The measured SERS signals of different patterned nanogaps in fluidic
environment show a maximum enhancement factor ~8 x 10”. Such nano-
structures in microchannels also allow localized sensing for anticancer drugs
(doxorubicin). Resulting from the marriage of top-down and self-assembly
techniques, this method provides a facile, effective, and controllable approach
for creating nanogap enabled SERS devices in fluidic channels, and hence can

advance applications in precision medicine.
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Nanogap plasmonic structures have the
ability to enhance electromagnetic fields,!
consequently resulting in the develop-
ment of a wide range of applications for
structures, including Dbiological
diagnosis and chemical sensing.”l As
one of the most important applications,
surface-enhanced Raman spectroscopy
(SERS) offers a label-free and highly sen-
sitive analytical technique by employing
coupled nanogap structures for chemical
molecule identification.l’] In particular,
SERS combined with microfluidic lab-
on-a-chip (LoC) systems for sensitive
optofluidic detection has spurred consid-
erable interest over the past decade due
to the intriguing advantages of real-time
monitoring, ease of integration, and reus-
ability. Furthermore, compared with
ordinary SERS, microfluidic SERS devices
can also provide a higher reproducibility
profiting from effectively dissipating heat,
removing analyte molecules damaged by
high-power electric fields and averaging
collected signals in a microfluidic envi-
ronment.P’! Microfluidic systems that can generate drug-loaded
microcapsules or other composite drug carriers are very useful
in precision medicine, but there is a lack of effective moni-
toring of the packaged cargo.*®® Thus, fabricating localized
SERS structures, which are designable at the single hot-spot
level to minimize the effect on the microfluidic flow, would
enable an in situ sensing of the concentrations and composi-
tion of a target drug solution within a microchannel.

The most critical issue for widespread and facile use of
microfluidic SERS devices is how to construct SERS substrates
in microchannels. Traditionally, nanogap plasmonic structures
are fabricated by top-down approaches, for example, electron-
beam lithography (EBL) or focused-ion-beam (FIB). However,
it is always costly and time-consuming using EBL and FIB
to fabricate such nanogap structures. In addition, fabricating
smaller (e.g., sub-2 nm) plasmonic gaps, which enable greater
electromagnetic enhancement,”l exceeds the manufacturing
capacity of almost all single top-down strategies. As a signifi-
cant complement to traditional nanofabrication approaches,
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bottom-up strategies have been widely studied by exploring
molecular interaction, electrostatic force, or other weak forces
to assemble nanostructures. Self-assembly of nanoparticles
(NPs) has been also introduced for the fabrication of nanogap
enabled plasmonic structures.'¥ Yet, NPs self-assembly
for microfluidic SERS suffers from relatively low control-
lability due to its random nature.?*¥l To integrate the merits
of both approaches, meanwhile eliminating the respective
shortcomings, bottom-up self-assembly has been combined
with conventional top-down processes to manufacture com-
plex 3D micro/nano functional structures.’! For instance,
capillary-force self-assembly (CFSA) has been combined with
other top-down strategies (e.g., UV-lithography, EBL, nano-
imprinting, and FIB) to fabricate 3D complex nanostructures
with high precision and controllability.'% However, inherent
disadvantages (e.g., inflexibility, multi-step fabrication, time-
consuming, and high cost) of these top-down methods hinder
their applications in constructing nanogap plasmonic struc-
tures for SERS. Especially, these top-down methods lack the
ability to integrate nanostructures in microfluidic channels
with non-planar substrates for SERS in LoC systems. Some
creative methods have been proposed to integrate SERS nano-
structures within a microfluidic chip by electron beam,™! soft
lithography,'?! liquid printing,*¥ and laser direct writing,'
so that Ag flowers/columns can be fabricated in channels for
microfluidic SERS application. However, these discoid alloys
are more suitable for large-areas manufacture rather than
localized sensing in some situations, for example, microfluidic
packaging system.['>] Besides, such strategies may lack suf-
ficient positioning accuracy to integrate microflowers/micro-
pillars at designated locations in small or complex channels
and lack favorable controllability to adjust properties of single
SERS nanostructures within a measuring laser focus.['®! There-
fore, flexible and localized integration of SERS nanostructures
inside a microfluidic chip still remains a challenge.'”] Laser
printing based on two-photon-polymerization (ITPP), which
possesses the unique advantages of simple integration, mask-
free processing, and suitability for nonplanar substrates, is
an excellent candidate for fabricating 3D micro/nano struc-
tures.'® By combining laser printing with CFSA, complex
hierarchical micro/nano structures can be expediently con-
structed.'”! Nonetheless, till now, only photopolymer materials
can be printed by TPP, which can hardly be utilized to form
plasmonic nanogaps for electromagnetic enhancement.[9>20)
Here, a switchable CFSA method is developed to realize
nanogap plasmonic structures in microchannels by combing
supercritical drying, metal sputtering, and capillary-force
driven self-assembly (CFSA) of micropillars fabricated by
laser printing. Firstly, a supercritical drying method was used
to avoid the CFSA of the polymer pillars and keep the pil-
lars upright during solvent development. After coating a
functional Au nanofilm on the pillars, the CFSA is used to
bend the pillars together and construct metal nanogap struc-
tures which results in the plasmonic hotspot. As a proof-of-
concept demonstration, SERS experiments in a liquid envi-
ronment are performed to sense Rhodanmine-6G (R6G).
Besides, doxorubicin (DOX), a widely used anticancer drug,
was also measured. The effect of diverse patterned nanogaps
for sensing R6G and DOX is studied via both simulation and
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experiment. Finally, the dependence on analyte concentra-
tion and the repeatability are also characterized. These results
demonstrate that such SERS structures, which can be inte-
grated in microchannels, will be an important alternative
strategy to current fabrication methods of SERS structures
and will have great potential in the area chemical analysis and
biological sensing.

2. Result and Discussion

2.1. Assembled Nanogap Structures Fabricated
by Switchable CFSA

The strategy to fabricate the self-assembled metal nanogap
structure is schematically presented in Figure 1la. Firstly,
by focusing a femtosecond laser beam into a commercial
photoresist, polymer pillars were fabricated on a glass slide
by a typical 3D laser printing process. The sample was placed
on a 3D nanotranslation stage so that the parameters (e.g.,
location and height) of structures could be flexibly regulated.
Following the laser printing, the sample was put into n-pro-
panol in the developing process to remove the unpolymerized
photoresist. However, if dried under normal conditions, the
polymer pillars will be attracted toward each other by CFSA.
To prevent this, after taking structures from the developing
liquid, we introduced a supercritical drying method to switch
the capillary force (F,) so that the polymer pillar can remain
upright before CFSA. Then, in order to build the noble metal
nanogap, the polymer pillar was coated with a gold (Au) nano-
film, which will make the polymer pillar into a polymer-metal
compound structure. After immersing the sample into sol-
vent, the polymer-metal compound pillars bend together by
CFSA to form metal nanogap. Figure 1b shows an optical
image of as-prepared upright polymer pillars. Without the
switch, the high-aspect-ratio (HAR) polymer pillars would
collapse to leaning structures which, when coated with gold,
would not form a nanogap plasmonic structure. Then, the Au
nanofilm was coated onto the upright polymer pillars by using
an ion sputtering system as shown in Figure 1c. The thick-
ness of the Au nanofilm can be tuned via adjusting coating
time and coating electric current (Figure S1, Supporting
Information). After coating the functional Au nanofilm, a
droplet of water was dropped on the structures so that a
meniscus will arise during the evaporation of liquid. As the
Fc in this case is larger than the restoring standing force
(F,) of Au-polymer compound pillars, periodic hierarchical
architectures were constructed. Figure 1d shows homoge-
neous assembled 6-pillar structures with =850 nm diameter,
18 um height, 3.5 um distance, and coated 10 nm thickness
Au film. SEM image in Figure le demonstrates the magni-
fied nanogap structures corresponding to the structure in
Figure 1d. Furthermore, inheriting the powerful tunability of
fs-laser printing, the shape, size, and spatial distribution of
pillars can be easily controlled for the generation of diverse
ordered patterns at any desired position. As an evidence of the
high flexibility, more intricate “NANOGAP” and “Taiji" pat-
terns formed by nanogap structures assembled with 4-pillars
are also realized and presented in Figures 1f,g.
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Figure 1. Fabrication of nanogap enabled plasmonic structures with supercritical drying-switchable capillary-force self-assembly (CFSA). a) Firstly, the
polymer pillars were fabricated with a typical laser printing and developing process. Then, a supercritical drying method was employed to switch the
capillary force, without which the pillars would collapse before coating. Noble metal was coated on the pillars as functional film. Finally, the nanogap
can be formed after the CFSA of the coated pillars. b) Optical image of upright polymer pillars before coating. SEM image of coated pillars with 10 nm
Au film before self-assembly (c) and self-assembled structures with nanogaps (d). e) Enlarged image of patterned nanogap structure in (d). f,g) The
optical images of a “nanogap” and a “Taiji” pattern formed with 4-pillar nanogap structures. Scale bars: b—d) 10 um; e) 2 um; f,g) 20 um.

2.2. Switchable CFSA Affected by Au Coating
and Supercritical Drying

Though using noble metal-coated polymer pillars to fabricate
nanogap enabled SERS structures has been reported previ-
ously, 1200 these prior works utilize fabrication strategies that
cannot be straight forwardly adapted to in-channel environ-
ments, and furthermore there is still a lack of detailed anal-
ysis about how the polymer-metal compound structures affect
CFSA compared with a simple polymer pillar. There are two
main forces involved in self-assembly of micropillars: the F,
caused by the meniscus of liquid and F; of microstructures. F,
can be considered as

Ad
F. = yr’cos’ . —————
4 d(d+Ad) (1)
Here, ¥, 1, 6, d, and Ad represent the interfacial tension of the
solvent, the radius of the pillars, contact angle, the spacing dis-
tance between adjacent pillars, and additional spacing between
two adjacent units, respectively. The CFSA among this plas-
monic micropillars was initiated by introducing a small water
droplet onto the structures to conquer F; (Figure S2, Supporting
Information). The F; of structures can be described as
Er‘d

F, = e (2)
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where E is Young’s modulus; r and h are the radius and height
of the pillars; d is the collapse distance for assembly. Compared
with polymer pillars, the F; of compound pillar after coating will
enlarge for the following two reasons: First, the E of Au film is
larger than that for polymers. Second, the circular cross section,
which changes the cross-sectional moment of inertia, enlarges
as a result of the Au coating. Therefore, F; would enlarge after
the coating process. In order to make F, larger than the F; of
compound structures, the height of the pillars are designed to
be three times larger than our previous work, which results in a
smaller F; leading to an easier collapse of polymer pillars when
it was taken from the liquid developer before coating (detailed
discussion can be seen in the Supporting Information). There-
fore, we introduced the supercritical drying method as a switch
into CFSA so that detached upright polymer pillars can be
obtained prior to coating the plasmonic functional material.

Due to the fact that the different structure of polymer pillars
and metal-polymer pillars will result in different F,, it is worth
analyzing how the metal coating film will affect the standing
force. Figure 2a,b shows the vertical and horizontal profile of
a typical metal coated polymer pillar. According to formula 2,
when the h of pillar and the d are fixed,

F, = ED* 3)

where D is the diameter of a pillar. A thicker Au film means
a larger F,, which will make coated pillars harder to assemble
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Figure 2. The influence of coated Au nanofilm and pillar parameters on CFSA. a,b) Illustration of the metal-polymer compound pillars. c) The schematic
diagram of different dependence on microstructure parameters of compound and polymer pillars. d—g) Assembled result corresponding to different
areas in (c). d) When the height is too small, capillary force too small to conquer standing force without coating (F,, < Fy;). Pillars cannot assemble.
(Zone 1). e) When the height enlarges, capillary force is smaller than the standing force after coating (F., < Fy). Pillars with coating cannot assemble.
(Zone 2); f) compound pillars with suitable height will assemble to form a patterned nanogap, corresponding to zone 3 in (c). g) When the height
is too large, capillary force is so big that (F,, > F;) pillars collapse to unordered structures. (Zone 4). h—j) The top and tilted views of the assembled
compound pillars with a suitable height. Scale bars: d-h) 5 um; g) 1 um; i,j) 500 nm.

unless we enlarge the height of the pillars. Considering that
extreme thickness of Au easily results in difficult collapse of
pillars after coating, Au thickness in experiment was set at
10 nm. The standing force (F;;) of metal-polymer compound
pillar after coating is =10 times larger than the standing force
(Fs;) of polymer pillar (detailed discussion can be seen in the
Supporting Information). To simplify the discussion, we
studied how to regulate F, and F; in this switchable CFSA via
changing height (h) by assuming the parameters of pillars are
fixed except h. Noticing that the upright pillars collapse into
patterns as the result of competition between F, and F,, there
are four forces involved in this discussion: the standing force
of pillars before (F;;) and after (F;,) coating, the capillary force
during (F,;) and without (F,;) supercritical drying process. As
shown in Figure 2c, F; evolves with the change of h while F,
remains constant because other parameters are fixed, which
means that the evolution map can be divided into four parts
with increasing h. When h is very small, F;; is so large that it is
bigger than F,, resulting in upright polymer pillars (area 1 and
Figure 2d). In area 2, because of the increase in h, F; is weak-
ened but still larger than F, after coating (F;, > F,), leading to
upright metal-polymer compound pillars (Figure 2e). However,
if h is too large, F; will badly decrease (F;, << F,,) so that unor-
dered structures are formed (Figure 2g). Only in the situation
that F;; > F,; and F;, < F,, can this nanogap enabled plasmonic
structure be realized (area 3 in Figure 2¢, Figure S4, Supporting
Information). Figure 2f-h shows the tilted and top view of
this assembled structure, while Figure 2i,j displays magnified
nanogap structures fabricated with this switchable CFSA.
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Although we only discuss how h affects assembly here, the
exposure dose can also be controlled to obtain structures with
tunable diameters and elasticity, which contributes to different
assembly configurations benefiting from the tunability of the
laser printing method. After assembly, what resists F; to hold
the structures in their assembled configuration is the Van der
Waals’ force (F,) that appears when the tops of micropillars are
in contact. After re-immersion in liquid, F; would tend to make
the assembled structures return to their initial upright position.
This force is counteracted by the F,. According to formula 2,
the bigger the height is, the smaller the F; is, allowing it to be
more easily counterbalanced by F, and, therefore, the nanogap
structures can keep their configuration after assembly even
when they are immersed in liquid again, which is important for
microfluidic applications.

2.3. Nanogap Enabled SERS Structures Integrated
in Microchannel

Because of prominent flexibility of this switchable CFSA,
nanogap enabled plasmonic microstructures can be fabricated
not only on flat substrates but also in micro channels. The
schematic of laser printing inside microfluidic channels is
shown in Figure 3a. Patterned nanogap structures in channels
formed by 6-pillar units are shown in Figure 3b,c, which pos-
sess different rotations and high repeatability. According to the
previous research,’™ when the assembled structures in liquid
were immersed again, liquid molecules would invade into the
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Figure 3. Nanogap enabled microfluidic SERS device integrated in microchannels. a) The fabrication illustration of microstructures in channels.
b,c) Top view and tilted view, respectively, of nanogap plasmonic structures fabricated with the switchable CFSA method. d) Schematic diagram of
self-assembled nanogap structure in channel used for microfluidic SERS device. €) Simulation of the enhancement in the nanogap between 2-pillars.
The thickness of Au is 10 nm and the gap is 2 nm. A circularly polarized laser (785 nm) is used as the excitation light. The maximal E/E, is about 130.
f) The SERS signal of different structures in microfluidic channels which present an obvious enhancement of the Raman signal of the 2-pillars with a
nanogap. g) Normalized intensity of signals in (f) at 1353 cm™' and 1501 cm™. Inset images show 1-pillar and 2-pillar nanogaps, respectively. Scale

bars: b,c) 20 um; g) T um.

nanogap between the assembled structures so that probe mole-
cules would enter the nanoscale gap. Therefore, this nanogap
structure in a microfluidic channel demonstrates the application
of SERS sensing (Figure 3d). Corresponding to prior literatures
and our own simulations, the polarization of the laser and sym-
metry of the structures would obviously affect the enhancement
of the electromagnetic field (Figures S5 and S6, Supporting
Information). To erase the difference of SERS caused by elec-
trical polarization between different structures with asym-
metry, here we employed a circularly polarized laser to excite
SERS, in which the enhancement factor of SERS is related to
the number of nanogaps and the plasmonic enhancement of
a single nanogap. As mentioned above, when the assembled
structures were immersed in liquid again, both liquid and ana-
lyte molecule would invade into the assembled area. Therefore,
to quantitatively discuss our expected results, we evaluated the
nanoscale gaps to be less than 5 nm in the simulations. The
simulation in Figure 3e demonstrates the enhancement of
these plasmonic structures, in which E/E, is inversely related
to the gap size and can be enlarged to as much as 130 when the
gap is 2 nm (Figure S5, Supporting Information).
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Here, rhodamine 6G (R6G), a common compound used in
SERS characterization studies due to its well-established vibra-
tional features, was adopted as the probe molecule to evaluate
the SERS performance of the patterned nanogap substrates. In
order to acquire the SERS signals, a home-built Raman spec-
troscopy system whose excitation wavelength is 785 nm was
utilized. The acquisition time for SERS signal collection was
set at 1 s with 3 mW of exciting laser power. To evaluate the
nanogap enabled microfluidic SERS device, Raman spectra
of 1 mm R6G molecule adsorbed on different structures is
presented in Figure 3f. Typical R6G signals can be received
on 1-pillar and 2-pillars nanogap structures, while there is no
obvious signal on the metal coated substrate without the struc-
ture. Note that the tip of 1-pillar structures can also provide a
distinct SERS spectra because of nanoscale tip and Au parti-
cles on pillars (inset of Figure 3g), which have a great impact
on electromagnetic enhancement. As shown in Figure 3g, the
normalized intensity of SERS signals of nanogaps formed by
2-pillars is about four times larger than the signal of 1-pillar
structures at both 1353 cm™ and 1501 cm™' peaks, verifying
that the nanogap substantially contributes to the SERS spectra.
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circularly polarized. c) Comparison of intensity at 1501 cm™' with different patterned nanogaps. The result shows that the 2-pillar nanogap possesses
the maximal signal for R6G in a microfluidic environment for 785 nm incident radiation. The intensity decreases while pillars in the pattern increase,
which may be due to the fact that the more numerous are the pillars, the more difficult it is for the pattern to assemble into a smaller gap. d) R6G
excited SERS signals of different nanogap patterns. Excitation laser, 785 nm, 3 mW, circular polarization; integration time, 1 s. All scale bars: 5 pm.

In order to evaluate the sensing ability of nanogap enabled
SERS structures, the enhancement factor (EF) was calculated
according to the following formula

FF— Lsers X Nipuk “
Niers X Tpu

where Igggs is the intensity of a vibrational mode in the sur-
face enhanced Raman spectrum; I, is the intensity of the
same mode in the Raman spectrum; Ngggs is the number of
molecules adsorbed on the alloy substrate within the laser spot
area, and Ny is the number of molecules excited by the laser
focus in a bulk sample that contributes to the SERS signals.
According to the experimental results, the EF value of the
2-pillars nanogap enabled SERS microfluidic structure was cal-
culated to be about 8 x 107 (detailed calculation can be seen in
the Supporting Information).

2.4. SERS Signals of Different Patterned Nanogap Structures
We investigated how the nanogap pattern affects the SERS
sensing. Different nanogap patterns assembled by 2-, 4-, 6-,

and 9-pillars were manufactured ascribing to the flexibility of
our switchable CFSA strategy. Figure 4a shows SEM images of
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different nanogap structures. In order to analyze the signals, the
simulations of electronic fields enhanced by different patterned
structures were carried out and are correspondingly shown in
Figure 4b. Considering that the plasmonic gap only works in
a very small area (=2 nm) while the length of pillar is 10 000
times larger (=20 pm), in order to simplify the simulation, we
built a similar model to present the polymer pillar coating with
Au nanofilm. In the simulation, Au film was set at 10 nm; the
nanogap between pillars was set to 2 nm. Simulation predicts
that the gap in different patterned structures possess different
maximum electromagnetic enhancement (E/E,), which varies
from 180 to 50, when the gaps were irradiated by 785 nm with
circular polarization. Owing to the circularly polarized laser, we
can find that enhanced field has symmetric distribution due
to the symmetry of assembled structures in different patterns
(Figure 4b). Therefore, we can speculate that electromagnetic
enhancement depends on the size and valid number of gaps
for different patterns in the case of irradiating with a circular
polarization. The simulation shows that enhancement factor
should increase while pillars in the pattern increase if the sizes
of nanogap are equal. Subsequently, R6G ethanol solution was
tested in microfluidic SERS device. The Raman spectra of R6G
excited by 785 nm laser on 2-, 4-, 6-, and 9-pillars nanogap
arrays indicates that all structures generated similar SERS
spectral line shapes, suggesting that there is no significant
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difference in terms of the enhancement mechanism from the
various symmetries of the pillar assemblies (Figure 4c).

The simulated maximum values of electronic field (E)
of different pattern were performed by assuming the gaps
same (2 nm), which indicates that single gap in 9-pillars pat-
tern possesses E maximum (Figure S7a, Supporting Informa-
tion). Considering E* and gap number in patterns, 9-pillars
microstructures would achieve the strongest pattern sensing
ability (Figure S7b, Supporting Information). However, the
experimental results present that the intensity decreases as
the number of pillars in the pattern increases and the 2-pillar
nanogap possesses the maximum signal among five different
patterns, which is different from the model simulation at the
same gap size (Figure 4d). We hypothesize that this discrep-
ancy is caused by the different gap sizes between assembled
structures, because the nanogap structures are assembled by
the upper area of pillars, which means that, as the assembled
area is not a tip point, different patterns would result in dif-
ferent gap sizes (Figures S8 and S9, Supporting Information).
Thus, as the number of pillars in the pattern becomes larger,
it is more difficult for the assembled pattern to form smaller
gaps (Figures S8 and S9, Supporting Information). The signal
weakens with enlarging gap so sharply that this weakness
cannot be made up by the increase of number of gaps and pil-
lars. However, the experimental results of different patterns
possess relatively small deviations among different pattern ele-
ments, proving that assembled structures of the same pattern
have a consistent gap size when fabricated with this strategy.

2.5. Sensing Ability and Potential Application of Nanogap
Enabled SERS Structures in Channel

Furthermore, the sensing capability of nanogap enabled micro-
fluidic SERS structures for different analyte concentrations
was also tested. While the concentrations of R6G ethanol solu-
tion varies from 1073 to 107° m, typical Raman spectra of R6G
are shown in Figure 5a. The average peak intensities at the
1501 cm™! band (Figure 5b) indicates that the nanogap ena-
bled SERS device possesses high sensitivity (107 to 1073 m) for
R6G sensing in microfluidic environments under the 785 nm
irradiation. To detect the reproducibility of such nanogap ena-
bled SERS structures in a microfluidic environment, SERS
spectra of R6G solution (10 m) from ten different 2-pillar
nanogaps were collected under identical experimental condi-
tions (Figure 5c). These ten spectral traces are nearly the same,
which suggests that the nanogap enabled SERS structures have
good reproducibility.

One potential application of this SERS is the in situ detection
of target drugs used in microfluidic encapsulation or biological
reaction. Doxorubicin (DOX), as a DNA intercalating agent, is
widely used in anticancer treatment and could effectively treat
various types of cancers. Because of the cardiac and hematopoi-
etic toxicity, the therapeutic dose is limited to =30 mg per injec-
tion so that the concentration of DOX applied for microfluidic
packaging in many research ranges from sub-mwum to few mm.[2!
Here, different concentrations of DOX in aqueous solution
were tested, which demonstrates that the limit of detection is
about 0.1 mw (Figure 5d,e). To investigate the effect of different

Adv. Funct. Mater. 2020, 30, 1909467

1909467 (7 of 10)

nanostructures on the SERS signals from DOX, Raman spectra
of several structures with varying thicknesses of Au were tested,
which presents that the SERS signals get bigger as the thick-
ness of Au coating increases when the concentration of DOX
is larger than 0.1 mm (Figure S12, Supporting Information).
Similarly, Raman spectra of DOX (1073 M) were taken at ten
different 6-pillar nanogaps under identical experimental condi-
tions (Figure 5f), illustrating that the Raman spectra show good
reproducibility. Only slight fluctuations of the peak intensity
at 1224 cm™! could be observed, with a small relative standard
deviation (RSD) of 8.1% (Figure 5f). Hence, this type of directly
fabricated chip with a microfluidic SERS structure can provide
repeatable and sensitive detection of drugs or other chemicals.

3. Conclusion

In summary, a CFSA strategy was developed to construct
nanogap plasmonic structures, which show great potential
for microfluidic SERS sensing. A supercritical drying method
was adopted to switch the capillary force during CFSA so that
the noble metal nanofilm can be evaporated as the functional
coating. Due to the flexibility and 3D processing capability of
laser printing, the nanogap enabled SERS microstructures
can be developed both on planar substrates and in microchan-
nels. Then, the sensing capability of this nanogap enabled
SERS structures in microchannel was proved via SERS meas-
urements of R6G. For different nanogap patterns, we find the
structure formed by 2-pillars possesses the best response to a
typical probe molecule (R6G) for SERS in a microfluidic envi-
ronment. Besides, such structures also proved the ability to
sense anticancer drug in channels, which presents the poten-
tial application for in situ monitoring in microfluidic packing
system for the fabrication of microcapsules in precision medi-
cine. Benefiting from laser printing combined with CFSA to
construct nanogap enabled SERS structures in microchannels,
although it is difficult to fabricate large-scale SERS substrates,
this strategy will be an excellent supplement for the fabrication
of microfluidic SERS devices and will find extensive applica-
tions in biological analysis and chemical sensing, for example,
microfluidic packaging system used in the field of precision
medicine.

4. Experimental Section

Laser Printing: A Ti:sapphire femtosecond laser system (Chameleon
Vision-S, Coherent Inc., USA) was used for direct laser writing. The
central wavelength, pulse width, and repetition rate of the laser source
were 800 nm, 75 fs, and 80 MHz, respectively. A laser with energy varying
from 55 to 70 mW was passed through a 50x objective lens (NA = 0.8;
Olympus) to polymerize the material (522080 photoresist, IESLFORTH,
Greece). The energy was measured before entering the microscope. The
laser power or curing time was tuned within the presented ranges to
satisfy the appropriate parameters of the micropillars (diameter and
Young's modulus). The sample was mounted on a nanopositioning
stage (E545, from Physik Instrumente GmbH & Co. KG, Germany)
with nanometer resolution and a 200 um x 200 um x 200 pm moving
range to precisely locate microstructures. After being polymerized
by a femtosecond laser, the sample was developed in 1-propanol for
30 min until all of the unpolymerized material was washed away. The
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Figure 5. Localized sensing of R6G and anticancer medicines by nanogap enabled SERS structures in channel. a) Different Raman signals of R6G with
different concentrations. b) Evolution of the signals at 1501 cm™' for different concentrations. It indicates that, such prepared microfluidic SERS struc-
tures may achieve a detecting accuracy about 1 um. c) SERS spectra of R6G collected on ten randomly selected 2-pillar structures. The RSD is about
6.6%. d) The Raman spectra of anticancer drugs (DOX) with different concentrations on self-assembled patterns with 20 nm coating. e) Evolution of

the signals at 1224 cm™' for the DOX with different concentrations, which

demonstrates that the limit of detection is about 0.1 mm. f) SERS spectra

of DOX (1 mm) collected on ten randomly selected nanogap 6-pillar structures. The RSD is about 8.1%.

microchannels were fabricated with typical UV-lithography approach.
SU-8 (2025, MicroChem, Suzhou Research Material Microtech, Suzhou,
China) was spin coated onto the glass at 3000 rad min~' for 20 s, so that
the depth and width of SU-8 microchannels are =30 pm and =90 um,
respectively.

Nanogap Structure Fabrication and Characterization: During the
evaporation process after withdrawal from 1-propanol, the micropillar
array was rapidly put into the supercritical drying instrument (Leica
EM CPD300, Leica, Germany) to avoid the assembly driven by capillary
forces. An ion sputtering system (AGAR Auto Sputter Coater, AGAR
Scientific Technology, HongKong, China) was used for the Au coating.
The sputter current setting was 30 mA, while the deposition speed of Au
was about 0.14 nm s™'. The SEM images were taken with a secondary
electron scanning electron microscope (ZEISS EVOT18) operating
at an accelerating voltage of 10 keV after depositing =10 nm of gold.
An optical microscope (DMI 3000B, Leica) with a white light source
performed bright-field imaging of the structures. By dropping a liquid
on the sample (=20 °C temperature), the Au-polymer compound pillars
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could be assembled into diverse patterns if the capillary force of the
liquid conquers the standing force of the pillars.

SERS Test: SERS spectral acquisition was performed on a homebuilt
Raman spectroscopy system. The light source used was a 785 nm laser
(Sacher PilotPC 4000) directed through a 40x/0.95 NA microscope
objective lens (W Plan-Apochromat, Nikon, Japan) and brought to a
diffraction limited spot (=1 um spot diameter) at the sample plane, with
3mW of laser power at the sample plane. The laser was filtered with a
bandpass filter, and the Raman light was separated from the excitation
light via a dichroic beamsplitter. Finally, the laser-line was further blocked
with a long-pass filter. All filters were purchased from Semrock (Rochester,
NY). The filtered Raman scattered light was collected via a 105 pum
fiber with a 150 groove mm™' grating spectrograph (Shamrock, Andor,
UK) and spectra were acquired using a thermoelectrically cooled back-
illuminated CCD camera (iDus DU401-DD, Andor, Belfast, UK) with a
spectral resolution of 14.5 cm™ and a wide spectral range of >3500 cm™".
To manipulate the spatial position of the sample under the microscope,
an open-loop control system was built with a step motor (Z812B) whose

(8 of 10) © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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step size is 0.03 um in the X, Y, and Z direction. Rhodamine 6G (R6G;
SCRC71036883, SCR Company, Shanghai, China) and doxorubicin
(DOX; Solarbio, Beijing Solarbio Co., Ltd, Beijing, China) were chosen
as the analytes in the SERS experiments. In the experiments, DI aqueous
solution of R6G and DOX with different concentration surrounds the
assembled metal-polymer compound structures in channels under
the 785 nm excitation. The signals were packed up at the position
with minimum self-assembled nanogap structures corresponding to a
maximum intensity of SERS (Figure S12, Supporting Information).

Simulations: The simulations were carried out using COMSOL
Multiphysics 5.3a. The metal-polymer compound nanogap structure
was sketched directly in COMSOL, which has a similar profile of
experimental results according to SEM images. A circularly polarized
785 nm plane wave illumination beam was directed onto the plasmonic
nanostructures. The gap was set to 2 nm. The thickness and permittivity
of gold was set to 10 nm and &y, = —22.855 + 1.4251.20d The permittivity
of polymer (SZ2080) was defined as 1.5.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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