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ABSTRACT: Current metabolic analysis is far from ideal to Control  NSCLC < /
engage clinics and needs rationally designed materials and device. — rc.> Pl’ o ;

Here we developed a novel plasmonic chip for clinical metabolic % ‘? s
fingerprinting. We first constructed a series of chips with gold
nanoshells on the surface through controlled particle synthesis,

t[2]

dip-coating, and gold sputtering for mass production. We inte- . L VP —
grated the optimized chip with microarrays for laboratory e 8 » ; : ‘W‘.‘ﬂ
automation and micro-/nanoscaled experiments, which afforded :

direct high-performance metabolic fingerprinting by laser Diagnosis 1] 3}"/

desorption/ionization mass spectrometry using 500 nL of various

biofluids and exosomes. Further we for the first time demon-

strated on-chip in vitro metabolic diagnosis of early stage lung cancer patients using serum and exosomes. 1S work Initiates a
d hip in vit bolic diagnosis of early stage lung pati ing d Thi k initi

new bionanotechnology based platform for advanced metabolic analysis toward large-scale diagnostic use.

B INTRODUCTION of chips for LDI MS is promising to address these critical issues,
but very challenging considering the following aspects: (I) pre-
selected structures with precisely designed and tunable physio-

. 16-18 . . .
metabolic analysis is more distal over proteomic and genomic chemical parameters; (II) functional interface controlling
approaches toward precision diagnostics, and thus has been the analytical variations and background noises for matrix-free

. 19,20 : . . .
applied in clinical practice and biomedical research universally.”° analysis; (III) integration with microarray technology to

Notably, metabolic analysis relies on rationally designed materials hanilze?‘llélztrasmall sample volume and high-throughput screen-

and device for sample treatment and metabolite detection,””® ing; """ and (IV) robu%nggs and Convenie.nc.e towurd poten-
dealing with diverse biological specimens for practical diagnostic care test 19(ZI;CZ)E;CTS). Existing ch1p159121;ost1y
applications. Currently, there are two major challenges including based on silicon ™" carbon, ™™™ and noble metals ’. can
(I) difficulties in direct metabolic analysis of biosamples with addres.s some O.f. the above aspects but have a.ffor.ded limited
little pretreatment, due to the low molecular abundance and high analytlcall capability for 'real case diagnostic apphcatlon_ thus far.
sample complexity; and (II) construction of diagnostic tools by Novel chip plutfurms f"’lth enhanced performance are in urgent
materials and device based platforms for real case application in demand fo? chmcal' dlagnostlus. .
clinics. Therefore, it is of key significance to develop advanced l')la.smomc materials including Au, Ag, Pt, etc. enjoy chal:‘ac—
tools for metabolic analysis addressing these challenges, capable terllstlc surface. plas,mnn resonances and produce hot carriers
of disease detection and biomarker discovery in clinics. during laser irradiation. There has been tremendous
Distinct from conventional techniques such as electrochemical interest from research groups globally on plasmonic maltéegaql)i
and spectrometric methods, mass spectrometry (MS) has dis- and noble metals with various structures for LDI MS. ™
played high accuracy, sensitivity, resolution, and throughput for For instance, gold nanoshells have been recently demonstrated
molecular analysis.”””~"* Particularly, laser desorption/ionization as preferred materials for LDI MS over solid gold particles, 3‘1%2
(LDI) MS affords desirable speed for in-seconds detection, mass to the surface roughness and better hot carrier productio;lz. %6’37
measurement for molecular identification, and high sensitivity Notably, most approaches use in-solution seeding methods™
with low costs toward large-scale use.”>™'° However, owing to to synthesize plasmonic materials for LDI MS, whereas it is
the broad dynamic ranges of various molecules in biological
specimens, the performance of MS is affected by rigorous sample Received: November 9, 2017
treatment and molecule detection procedures. The development Published: January 12, 2018

In vitro diagnostics (IVD) serves as the “eye” of medical doctors
and contributes to ~66% of clinical diagnosis.l_3 For IVD,

tial point-of-care testings
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Figure 1. Construction of plasmonic chips. (a) Scheme of preparation and application of the plasmonic chip for LDI MS based metabolic analysis.
(b) Digital and (c) microscope images of the chip after microarray printing with 400 nL and 4 nL of samples, respectively. (d) Microscope images of
(i) 400 pL, (ii) 4 nL, (iii) 40 nL, and (iv) 400 nL of serum plotted on the chip. Top view (&) SEM of the chip surface and (f) high-resolution SEM of
the particle surface. (g) Cross section SEM of the chip. (h) TEM of particles and (i) high-resolution TEM showing the gold crystal lattice. (j) The
crystalline structure by selected area electron diffraction (SAED) pattern. The scale bar of insets in panels ¢ and d is 200 ym.

difficult to fine-tune their structural parameters. Conventional
engineering methods,** " such as microelectromechanical
systems (MEMS), are also very limited in terms of nanoscaled
control and experimental costs for the development of LDI MS
chips. Till now, there have been very few reports on defined
plasmonic LDI MS chips, and new preparation methods are in
pressing need to overcome these major obstacles.

Herein, we constructed a new plasmonic gold chip for metabolic
fingerprinting of biofluids and exosomes in diagnostics (Figure 1a).
We prepared a series of chips with gold nanoshells on the
surface through controlled particle synthesis, dip-coating, and
gold sputtering for mass production. We integrated the opti-
mized chip with microarrays for laboratory automation and
micro-/nanoscaled experiments, which afforded sensitive, selec-
tive, multiplex, and quantitative metabolic fingerprinting by
LDI MS using S00 nL of serum, cerebrospinal fluid (CSF),
urine, and exosomes. Further we for the first time demonstrated
on-chip in vitro metabolic diagnosis of early stage lung cancer
patients using serum and exosomes. This work initiates a novel
bionanotechnology based platform for advanced metabolic
analysis toward large-scale diagnostic use.

B RESULTS AND DISCUSSION

Construction and Characterization of the Plasmonic
Chip. We first constructed the plasmonic chip through a three-
step process including particle synthesis, dip-coating, and gold
sputtering (see Methods in the Supporting Information for
details), facile for mass production as displayed in Figure la.
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The as-made chip is uniform for practical use (Figure 1b) and
compatible with microarray printing (Figure 1c), toward repro-
ducible and high-throughput metabolic analysis using tiny amounts
of biosamples (down to 400 pL, Figure 1d). The chip format
for application not only achieves laboratory automation for easy
and labor-efficient operation, but also enables precise manipu-
lation and handling of droplets for micro-/nanoscaled experi-
ments, 15212238

Owing to the unique preparation technique, the plasmonic
chip was decorated by gold nanoshells on the surface (Figure 1a).
We observed particles (~150 nm in diameter) with nanoshells
packed by small nanoparticles (~10—20 nm, Figure le,f) uni-
formly dispersed on chip by top-view scanning electron micros-
copy (SEM). We demonstrated the structure of nanoshells by
cross-section SEM (Figure 1g), agreeing with transmission
electron microscopy (TEM, Figure 1h) and elemental mapping
results in Figure S1. The nanoshell particles were negatively
charged with zeta potentials of —27.4 + 0.2 mV, according to
zeta potential distributions (Figure S2), beneficial for the
formation of ion layers on the surface toward efficient Na*/K*
adduction during the LDI process. We validated the gold
nanoshells with the typical interplanar spacing of 2.05 A for
gold along the [200] direction by high-resolution (HR) TEM
(Figure 1i) and the crystalline structure by selected area
electron diffraction (SAED) pattern®>*”*" (Figure 1j). Notably,
the chip afforded distinct hierarchical surface properties, including
microscaled and nanoscaled surface roughness from the on-chip
core-shell particles and on-shell gold nanoparticles, respectively.
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Figure 2. Control and optimization of chips. (a) Cross section and (b) top view SEM of the chips with controlled sputtering time of (i) 0 min
(chipy), (ii) 2 min (chipy,), (iii) 4 min (chipy), and (iv) 8 min (chipy). (c) Transmittance and contact angle (inset) of the chips (chipgu/es for
i—iv). (d) Typical LDI MS of arginine (200 ng/uL) on the chip,/u/s (i—iv). The scale bar of insets in panel b is 200 nm.

Control and Optimization of Chip Structural Param-
eters. We prepared a series of chips with tunable structural
parameters by controlling the gold sputtering, dip-coating condi-
tions, and particle synthesis (see Methods in the Supporting
Information for details). The surface of on-chip particles was
smooth without sputtering (denoted chip,,) and became rough
with increased sputtering time of 2/4/8 min (denoted chipy, us)
as displayed in Figure 2a,b. The reduction of transmittance
was caused by the increased thickness of gold nanoshells with
longer sputtering time (Figure 2c). The contact angle initially
increased to 128° and then decreased to 119° (inset of Figure 2c),
due to introduction of gold and change of surface roughness.
We conducted LDI MS detection of arginine (typical spectra in
Figure 2d, triplicate results in Figure S3) and other metabolites
(Figures S4 and SS), and chip,, afforded the highest peak
intensity and signal-to-noise ratio (p < 0.05). The area density
of particles on-chip decided the average interparticle distance
for plasmon coupling,*** and the size of silica spheres also
affected the structures of nanoshells for plasmon resonance,">**
both of which were involved in the process of hot carrier
production, local heating, and photodesorption for plasmonics
enhanced LDI MS. Therefore, we further performed the selec-
tion of area density (~12, 20, 37 particles per um”) and size
(~100—200 nm) of particles on-chip by controlling the dip-
coating conditions and particle synthesis in Figures S6 and S7
and Figures S8 and S9, respectively. We demonstrated the
optimized chip with area density of ~20 particles per yum* and
particle size of ~150 nm for the next stage applications (p < 0.05).

Notably, there were Ag" adducted molecular peaks using
silver nanoshells, since silver ions can afford the ion—dipole
interaction with polar functional groups like hydroxyl group
in metabolites*”*® and also cationize molecules containing
7-bonds.*”** For comparison, Au* adducted molecular peaks
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can be found for molecules (e.g, peptides) containing thiol

*%9 owing to the strong Au—S chemoaffinity. In this
work, the small metabolites as detected did not contain thiol
groups, and we observed no Au" adducted molecular peaks,
similar to previous literature reports.'®**

For on-chip LDI MS detection, the silica core particles within
gold shells are critical to isolate the electricity/heat, retain the
local heat, and produce more hot carriers.”” Notably, overloading
of gold on the chip surface (chipys) affected their LDI perfor-
mance, considering the overaggregation of gold nanoparticles
on the surface of core silica particles and unwanted plasmon
coupling of excess gold (Figure 2a,b-iii/iv). The optimized gold
nanoshells as interface afforded desirable surface roughness,
light absorption, and surface hydrophobicity for LDI MS.'**°
Previous noble metal material based LDI MS chips achieved
detection of heavy metal ions (e.g., lead ions) in biofluids® and
imaging of metabolites in ﬁngerprints,19 but afforded few
successful examples dealing with small metabolites in complex
biofluids with salts and proteins. Considering the broad defini-
tion of ?lasmonic materials including but not limited to noble
metals,”' > LDI MS chips based on carbon (graphene),””*”**
silicon,"”"® and their hybrids may have unwanted fragmenta-
tion during laser radiation or need specific MEMS for device
fabrication, which have also been rarely applied for metabolic
analysis in biofluids. In our work, specific nanogaps and nano-
crevices of gold shells on-chip may selectively trap small metab-
olite molecules and transfer the laser energy,6 toward advanced
metabolic analysis of complex biosamples in real case.

On-Chip Metabolic Fingerprinting of Biofluids and
Exosomes. We performed on-chip metabolic fingerprinting of
500 nL of serum/CSF/urine, by direct LDI MS. We demon-
strated the selectivity of chip toward small metabolites in a
complex biomixture. Considering the complexity of biofluids,
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Figure 3. LDI MS fingerprinting of biosamples. (a) Mass spectra of lysine, arginine, glucose, and mannitol in S mg/mL bovine serum albumin
solution with NaCl concentration of 0.5 M and (b) 0.5 uL of human serum on the chip,. (c) The calibration curve obtained by plotting
experimental ratio of analyte/isotope (A/I) as a function of expected ratio of A/I for glucose. (d) Linear fit of LDI MS and biochemical method for
quantification of glucose in serum. (e) TEM of exosomes extracted from serum and (f) the zoomed image showing the hollow structure of an
exosome. (g) Size distribution and (h) mass spectrum of the exosomes. The star refers to glucose in panels b and h. Three independent experiments
were performed for each sample to calculate the standard deviation (SD) as error bars in panels c and d. Data are shown as the mean + SD (n = 3).

we first studied the salt tolerance and protein endurance of the
optimized chip for small low-abundance metabolite detection
(Figure 3a), using a mixture containing four small metabolites
(2 nmol each), salts (0.5 M NaCl), and proteins (5 mg/mL bovine
serum albumin). We observed strong Na* adducted molecular
signals at m/z of 169.18 for lysine, 197.19 for arginine, 203.1S5
for glucose, and 205.16 for mannitol, demonstrating the selec-
tivity of the gold chip toward metabolites over other molecules
for real-case applications in complex biofluids. Next we detected
serum (Figure 3b), CSF (Figure S10a), and urine (Figure S10b)
on-chip, yielding a series of molecular peaks for typical metab-
olites (Tables S1—3). Notably, we coupled on-chip detection
with isotopic quantification to address the qualitative or semi-
quantitative analysis by traditional LDI MS due to the random
analyte dependent ionization.”'* As a result, we can quantitate
selected metabolites (e.g., glucose, R* = 0.99 with CV < 9.1%,
Figure 3c, MS/MS in Figure S11) consistent with the bio-
chemical method (the current gold standard to quantitate
metabolites in clinics, R* = 0.98, Figure 3d).

Conventional metabolic fingerprints usually rely on nuclear
magnetic resonance (NMR) spectroscopy and gas/liquid chro-
matography (GC/LC) MS.”* NMR spectroscopy provides
quantitative information on biosamples (~mL) on the atomic
level (~minutes) and cannot directly identify potential bio-
markers on the molecular level”® GC/LC MS detects the
molecules but calls for rigorous pretreatment procedures
(~hours),* due to the high complexity and low abundance of
metabolites in biosamples (~uL) that affect the efficacy of MS.
Further considering the limitation of organic matrices (e.g,,
a-cyano-4-hydroxycinnamic acid, CHCA)® in LDI MS that
produced strong background signals in low mass range
(m/z < 300, Figure S12), our on-chip analysis overcame the
current major obstacles for advanced metabolic fingerprints.
The LDI MS chips not only required few pretreatment proce-
dures (e.g,, enrichment and purification) of trace biosamples
(down to ~pL) for large-scale clinical use but also afforded
desirable selectivity of small metabolites, speed (~seconds),
quantitation, and reproducibility.

Exosomes analysis promises precision diagnostics, but suffered
from obstacles in sample harvesting and downstream detec-
tion.”*>*>> We extracted exosomes from serum by the established
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protocol (see Methods in the Supporting Information for details)
and characterized their structures. As displayed in Figure 3e/f,
TEM demonstrated hollow structures of exosomes with sizes of
~50—150 nm, agreeing with dynamic light scattering (DLS)
results (Figure 3g). We performed metabolic fingerprinting of
exosomes on-chip and obtained a series of molecular peaks
(Figure 3h, Table S4), distinct from that of serum (Figure 3b).
There have been several bioanalytical techniques for molecular
screening of cancer-derived exosomes, mainly on the proteomic
and genetic levels.>*~>° On the proteomic level, antibody recog-
nition is required to be coupled with surface plasmon resonance
(SPR), electrochemical test, etc. for profiling of exosome surface/
lysate proteins.’®*” On the genetic level, polymerase chain reac-
tion (PCR) is essential to amplify the signals of nucleic acids
for molecular sequencing and mapping in exosomes.”*** In
contrast, the plasmonic LDI MS chips featured the profiling of
small molecules on the metabolic level, free of antibody recog-
nition and PCR amplification. Given the on-chip metabolic
fingerprinting of biofluids and exosomes, we anticipated to con-
struct novel diagnostics tools by combinational and compara-
tive analysis.

On-Chip in Vitro Metabolic Diagnosis of Lung Cancer
Patients. We differentiated the early stage non-small cell lung
cancer (NSCLC) patients from healthy controls by on-chip metab-
olic analysis of serum (Table SS) and exosomes (Table S6).
We performed orthogonal partial least squares discriminant ana-
lysis (OPLS-DA)”*°~%" and demonstrated the clear group sepa-
ration based on the fingerprinting results of serum (Figure 4a-i,
R =0.955, Q* = 0.726, p < 0.0001) and exosomes (Figure 4b-i,
R* = 0.994, Q> = 0.716, p < 0.0001). Considering the diversity
of metabolites in biospecimens, the potential identification requires
the construction of a complete database for metabolites by
comparing their MS/MS with standards (e.g., in Figure S11).
We further performed S-plot'>” (Figure 4a-ii and 4b-ii) based on
fingerprinting of serum/exosomes and selected 20 key m/z values
(according to variable importance on projection (VIP) scores,
Tables S7 and S8) for the heat map (Figure 4a-iii and 4b-iii) to
validate the differentiation of NSCLC patients from healthy
controls. Therefore, we achieved on-chip metabolic analysis for
early diagnosis of NSCLC and anticipated these key m/z values
to serve as potential metabolic markers.
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Figure 4. Diagnosis of early stage NSCLC. Summary of LDI MS fingerprinting of (a) serum from 23 early stage NSCLC patients and 22 healthy
controls and (b) exosomes from 10 early stage NSCLC patients and 10 healthy controls for diagnosis. (i) OPLS-DA score plots showing the global
metabolic difference between NSCLC patients and healthy controls, for both serum (p < 0.0001) and exosomes (p < 0.0001). (ii) S-plots of LDI MS
fingerprinting for serum and exosomes. Wings of S-plot marked by red accounting for high variance between two subpopulations. (iii) Heat maps
based on selected 20 points from S-plot with high VIP scores (>1) showing the difference between the early stage NSCLC patients and
healthy controls. Black represents low, and white represents high. Independent triplicate experiments were performed for each serum and exosome

sample.

Lung cancer threatens human health worldwide with a mortah?f
rate of ~20%, and over 80% of lung cancer is NSCLC. 02
Precise diagnosis of early stage NSCLC can raise the S-year
survival ratio and reduce the medical expenses in NSCLC
management.”**>°° Blood tests promise early diagnosis of
NSCLC owing to the simple measurement using blood samples
and low costs for point-of-care testing, which is noninvasive and
facile for universal applications, superior to traditional biopsy
and imaging methods. Traditional blood tests for NSCLC
are based on the detection of selected biomarkers, which are
normally employed for prognosis and very limited for diag-
nosis.”' Considering the metabolic variations 1n early stage
NSCLC as demonstrated by previous reports,”’ our results
offer new insights for precise diagnosis of early stage NSCLC
by metabolic fingerprinting of serum and exosomes. We can
anticipate two major future directions for research along this
line, from both materials science and biomedical science
perspectives. From the materials science perspective, new types
of material based chips would afford tailored interfaces toward
either one molecule or a group of molecules and the further
combinational use of materials can be capable of multiomics
detection. From the biomedical science perspective, we may
foresee the precision diagnosis of diverse physiological/
pathological process using this platform and identification of
novel metabolic pathways toward prevention and intervention
of specific diseases.

Bl CONCLUSIONS

In summary, we introduced plasmonic gold chips as new sub-
strates for direct LDI MS detection of small metabolites in bio-
fluids and exosomes, and further constructed a novel platform
technology for metabolic fingerprinting based IVD. Notably,
our nanoplasmonic platform would be able to achieve potential
application for immunodiagnostics"*"** and translation into
8770 considering the

point-of-care devices and IVD platforms,
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ease of surface functionalization on gold (for antibody/antigen
immobilization) and low sample volumes required (down to
400 pL). Our work makes solid contributions to the design of
materials and device for advanced metabolic analysis toward
precision medicine, and initiates the development of various
personalized diagnostic tools for diverse diseases including but
not limited to lung cancer in the near future.
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