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= Bioinspired microneedle platform with heterogeneous wettability is fabricated.

= Hydrophobic nanoparticle-assembled substrate secludes each needle peak.

= Graphene aerogel hybrid needle peaks collect biomarkers on tissue in a 3D manner.

= PCR reactions are directly conducted on the platform to detect clinical specimens.
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Biopsy is the gold standard for tumor diagnosis, as this technology provides
highly detailed and reliable information on tumorigenesis and progression.
Resembling the discrete wettability of desert beetles, in this study, a fluores-
cence polymerase chain reaction (F-PCR) microneedle array (MNA) platform
is developed for efficient spatial tumor biopsy. This MNA is fabricated by the
coupled strategies of bottom-up self-assembly and top-down photolithog-
raphy; it comprises a hydrophobic silica nanoparticle-assembled substrate
and graphene aerogel-hydrogel hybrid microneedle peaks. Benefitting from
the hydrophilicity and absorption capacity of its graphene hybrid micronee-
dle peaks, MNA can easily penetrate tissue specimens and collect tumor nu-
cleic acid biomarkers stereoscopically. In addition, because of the discrete
wettability of the platform, both tissue fluids and PCR liquids can be easily
removed from the substrate, and each microneedle peak is similar to an in-
dependent island for directly conducting F-PCR reactions for tumor marker
discovery. Based on these advantages, the F-PCR-MNA platform is demon-
strated to be ideal for detecting DNA biomarkers of lung carcinoma in stan-
dard solutions, mouse tissue samples, and clinical specimens, thus indi-
cating its practical potential as an innovative tumor biopsy system.

INTRODUCTION

Efficient and precise tumor diagnosis plays a crucial role in the therapy and
prognosis of tumors and has considerable clinical significance. In general, image-
ology' ~*and blood tests®  are first performed to preliminarily determine the de-
gree of cancerization and cancerous locations; subsequently, tumor biopsy %"
is performed for conclusive identification. Biopsy, the gold standard for tumor
diagnosis, provides clear, reliable, and detailed pathological information, including
cancer type and quality.'>'® During a traditional biopsy process, first, doctors ac-
quire suspected tissues via surgical excision, forceps, or puncture; then, they
comprehensively apply histologic sectioning and tissue staining techniques
and ultimately make judgements based on morphological and immunological
analysis.'"'® Despite the high accuracy, the traditional biopsy method is rela-
tively complicated, technology-intensive, and experience-dependent, involves
cumbersome procedures, and has a long time cycle. In addition, as traditional bi-
opsy relies on planar tissue slices, it is limited in obtaining overall spatial informa-
tion, which negatively affects diagnostic results. Therefore, a multidimensional bi-
opsy strategy with satisfactory efficiency and accuracy is highly desired and
must be urgently developed.

In this study, a fluorescence polymerase chain reaction (F-PCR) microneedle
array (MNA) technology is developed for efficient spatial tumor biopsy; it is shown
in Figure 1. This technology comprises microneedles, which feature an array of
sharply pointed microsized cones or pyramids, owing to which they can penetrate
tissues,'’~'? accumulate interstitial fluids,”°"?* and realize three-dimensional
(3D) sampling and detection.?>** In particular, each tiny microneedle peak can
be regarded as an independent microdomain to conduct non-interacting micro-
biochemical reactions. By contrast, F-PCR is an emerging biotechnology for
nucleic acid amplification and fluorescence signal recognition.”® " Owing to its
advantages of visibility, convenience, and rapidness, F-PCR has been widely em-
ployed in the detection of nucleic acid biomarkers in body fluids,”® " such as cell-
free DNA (cfDNA) and microRNA (miRNA). Thus, the integration of microneedle
devices and F-PCR platforms can form an unprecedented 3D diagnostic system
for tissue biomarkers. Microneedles can enable spatial sampling of thick tissue
specimens, essentially avoiding cumbersome slicing steps and possible omis-
sions, whereas F-PCR can detect targeted DNA selectively and sensitively and
report results quickly and intuitively. However, limited by their current structures
and functions, microneedles suitable for F-PCR and a combined system for tumor
biopsy remain challenging and unexplored.

In this study, resembling the hydrophilic bulges and hydrophobic back of Sten-
ocara gracilipes,*>*° an anisotropic MNA with discrete wettability is chosen to
conduct on-needle F-PCR for spatial tumor biopsy. This anisotropic MNA is fabri-
cated by the coupled strategies of bottom-up self-assembly and top-down photo-
lithography. It comprises a hydrophaobic silica nanoparticle-assembled substrate
and graphene aerogel-hydrogel hybrid microneedle peaks. Benefitting from the
hydrophilicity and absorption capacity of the graphene hybrid microneedle
peaks,®® %? the MNA can penetrate tissue specimens, collect tissue fluids, and
quickly capture tumor nucleic acid biomarkers, thereby facilitating stereosam-
pling. Additionally, because of the anisotropic wettability of MNA, both tissue
fluids and PCR reaction liquids can be easily removed from the substrate, and
each microneedle peak is similar to an independent island for directly conducting
F-PCR reactions. Based on these features, the practical value of the F-PCR-MNA
technology is demonstrated by spatially screening DNA biomarkers of lung car-
cinoma in standard solutions, mouse tumor samples, and patient specimens.
These results indicate the originality and future prospects of the F-PCR-MNA bi-
opsy system for clinical tumor diagnosis.

RESULTS AND DISCUSSION

The MNA was composed of hydrophilic peaks and a hydrophobic substrate, as
shown in Figure 2A. The hydrophilic peaks resembled the hydrophilic bulges of
Stenocara gracilipes, whereas the hydrophobic substrate resembled the hydro-
phobic back. Similar to the Stenocara gracilipes, which can accumulate water
on the hydrophilic bulges, MNA can concentrate liquids on the microneedle
peaks. This MNA was fabricated stepwise by replicating a 3D-printed micronee-
dle template (Figure S1). Specifically, a plastic microneedle template was 3D
printed, and its shape was transferred to a silicone negative mold through tem-
plate replication. The 3D-printed microneedle template exhibited a uniform
arrangement, with a microneedle height of 500 um, a microneedle basal diam-
eter of 260 um, and an intermicroneedle distance of 400 um, whereas the sili-
cone negative mold exhibited a complementary structure (Figure S2). Using
this silicone negative mold, freeze-dried graphene aerogels were inside the cav-
ities to generate microneedle peaks. Polyethylene glycol diacrylate (PEGDA) pre-
hydrogels, which possess good mechanical properties, were used to brace the
graphene aerogels. After the solidification of the PEGDA pre-hydrogels, a mixture
of oleophilic trimethylolpropane triacrylate (TMPTA) pre-polymers and self-
assembled hydrophobic-treated silica nanoparticles was added to the micronee-
dle peaks and polymerized to serve as a substrate for expelling water (Figure S1).
Finally, the MNA (microneedle height: ~451 um, microneedle basal diameter:
~228 pm, intermicroneedle distance: ~387 um) was obtained, and it well dupli-
cated the architecture of the 3D-printed microneedle template, as shown in Fig-
ure 2B. Notably, magnified scanning electron microscopy (SEM) images showed
the assembly of nanoparticles on the hydrophobic substrate, as well as the dis-
tribution of graphene aerogel and PEGDA hydrogel on the microneedle peak
(Figures 2C—-2E).

Typically, graphene aerogels exhibit poor mechanical strength; thus, a hydro-
gel brace is required to support the aerogels, ensure tissue penetration, and con-
nect the microneedle peaks to the hydrophobic substrate. To evaluate the func-
tion of the hydrogel braces, compression tests were conducted by pressing
graphene aerogel-hydrogel brace mixtures or pure graphene aerogels and simul-
taneously recording the real-time forces (Figure S3). With the combination of
PEGDA hydrogel braces, the maximum compression force increased by nearly
five times, thus indicating a distinctively improved mechanical strength (Fig-
ure S4). Note that to facilitate liquid accumulation at the microneedle peaks
and reduce background fluorescence interference, the substrates should be en-
dowed with hydrophobic properties. Therefore, silica nanoparticles were grafted
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with fluorosilane before dispersion in oleophilic TMPTA pre-polymers. The above
dispersions were then solidified to act as substrate materials. Subsequently, con-
tact angle tests were performed to investigate the wettability changes of these
substrates compared with those of pure TMPTA and PEGDA plates. Evidently,
the contact angle of the substrate was the largest among the three, thus confirm-
ing its enhanced hydrophobicity (Figure S5). In addition, water droplets could
easily slide down the slanted hydrophobic substrate within 1 s, whereas they
spent more than 30 s on the TMPTA plate and were almost pinned on the
PEGDA plate (Figure 2F). In addition, the microneedle peaks could pick up red
fluorescent droplets, with little water sticking to the substrate after being dipped
in water (Figures 2G and 2H).

Owing to their porous structure, large specific surface area, and abundant
intermolecular forces, graphene aerogels are adept at absorbing molecules
such as DNA.*"* Consequently, the graphene aerogels attached to the micro-
needle peaks can impart MNA with a distinctive DNA capture capacity. In addi-
tion, the graphene aerogel occupies a large portion of the microneedle peaks
and provides abundant biomolecular adsorption sites. To demonstrate this, mi-
croneedles with and without graphene aerogels were cultivated in solutions con-
taining different concentrations of fluorescence-labeled DNA. The microneedles
without graphene aerogels in the microneedle peaks exhibited almost no fluores-
cence when the DNA concentration ranged from 0 to 10,000 pM (Figure 3A). By
contrast, microneedles with graphene aerogels accumulated trace amounts of
DNA, essentially exhibiting weak glow under a fluorescence microscope (Fig-
ure 3B). The fluorescence intensities of these microneedles were further quanti-
fied, thereby confirming significantly increased DNA adsorption by the graphene-
containing microneedles (Figure S6). Notably, the amount of DNA captured by
the MNAs increased with incubation time, and strong fluorescence was observed
after 30 min incubation (Figure S7). Therefore, the optimal incubation time of the
MNAs was 30 min in subsequent experiments. In addition, MNA was used to
penetrate the agarose blocks and capture the inner fluorescent DNA (Figure S8).
Strong fluorescence of the microneedle peaks was observed, thus demon-
strating the desired agarose penetration and DNA capture. Additionally, laser
scanning confocal microscopy (LSCM) images of the MNA further revealed
that the captured fluorescent DNA was concentrated predominantly in the micro-
needle peaks (Figure S9).

MNA, which integrates a graphene aerogel with ideal absorption ability, a hy-
drogel brace with satisfactory mechanical strength, and a substrate with good
hydrophobic properties, functions as a promising platform for on-tissue sampling
and on-needle PCR analysis. During the entire detection process, the microneedle
peaks first contacted the object to be tested and indiscriminately captured the
inner DNA molecules (Figure 3C). After the MNA was removed from the tested
object, PCR reaction fluids containing Scorpion probes were added, and the
target DNA was amplified. By reading the fluorescence signals of the micronee-
dle peaks, the presence of the target DNA could be detected. For a preliminary
evaluation of their practical performance, MNAs were employed to identify four
common lung carcinoma DNA biomarkers*®*' in standard solutions: codon 12
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Figure 1. Schematic illustrations of procedures of
the spatial tumor biopsy by the F-PCR-MNA The
procedures mainly include in-time sample processing,
spatial DNA biomarker capturing, on-needle fluorog-
raphy, and further analysis.
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mutation in KRAS exon 2 (KRAS-G12C), codon
600 mutation in BRAF exon 15 (BRAF-V600E),
exon 19 deletions in EGFR (EGFR-19DEL), and
exon 21 point mutation in EGFR (EGFR-L858R).
The results showed that all four DNA biomarkers
could be detected by the MNAs, with the micro-
needle peaks emitting green fluorescence (Fig-
ure 3D). Additionally, direct fluorescence quanti-
tative PCR of the standard substance solutions
was performed, which served as a reference
method to verify that the detection results of
the MNAs were correct (Figure S10). To further
investigate the specificity and anti-interference
capacity, MNAs were used to detect KRAS-G12C in a mixed solution containing
other interfering genes. Evidently, the fluorescence intensity of the MNAs re-
mained almost the same in the different groups, thus indicating the precision
and specificity of this detection strategy (Figure 3E).

Remarkably, multiple PCR amplification and detection reactions could be con-
ducted by dividing the MNA into diverse independent compartments using hydro-
phobic baffles. To fabricate these compartmentalized MNAs, silicone negative
molds with specially designed ditches were employed, with the other procedures
unchanged. Essentially, bisected and quartered MNAs were prepared as repre-
sentatives, as shown in Figure S11. For bisecting the MNA, KRAS-G12C detection
was performed in one compartment and exhibited green fluorescence, whereas
the other was set as a blank control and exhibited no fluorescence (Figure S12).
In terms of quartering MNA, the four compartments detected were KRAS-G12C,
BRAF-V600E, EGFR-19DEL, and EGFR-L858R. The fluorescence intensities of
the four compartments differed because the standard solutions of the four bio-
markers were also different. These results indicate that these MNAs can serve as
versatile DNA detection platforms.

Based on the in vitro detection of standard substance solutions, the ability of
F-PCR-MNAs to distinguish tumors from normal tissues was tested. To acquire
the desired tumor tissues, a cell line isolated from non-small cell lung cancer
was transplanted into nude mice, and the developed tumor tissues were excised
together with neighboring normal tissues (Figure 4A). First, whether the MNA has
sufficient strength for the penetration of dense tumor tissues was corroborated by
pressing the entire acquired tumor tissue (Figure S13). After removing the MNA,
the traces of the microneedles remaining on the tumor tissue were photographed.
Both the bright-field and fluorescence images revealed that the MNA could effec-
tively penetrate the tumor and reach tissues as deep as 420 um (Figure S14).

Next, another hybrid tissue containing both the tumor and normal zones was
cut into 3 x 3 x 3 thin pieces. Subsequently, the MNA was pressed onto the
pieces for 30 min to ensure full penetration and DNA capture, followed by
EGFR-L858R detection on the F-PCR-MNA (Figures 4B—4D). The green fluores-
cence of the microneedle peaks in direct contact with tumor tissues demon-
strated that the mutant DNA could be detected and F-PCR-MNA could be
sampled in a 3D manner (Figure 4E). Specifically, the microneedle peaks pene-
trating normal tissues exhibited only faint fluorescence, thus indicating that
F-PCR-MNA could identify small amounts of tumor tissue and differentiate be-
tween tumors and normal tissues. Moreover, the captured DNA was distributed
primarily on the surface of the microneedle peaks, as shown in Figure S15. Based
on these fluorescence images, the tumor sites were reconstructed both layer
wise and overall (Figures 4F and 4G). The green color clearly labels the tumor
zones and visually reproduces the entire tissue.

To verify the clinical value of these F-PCR-MNAs, 16 fresh patient specimens
were collected from ultrasound-guided lung punctures (Figure 5A). For example,
the tissue was first cut into nine small pieces and subjected to MNA for 30 min
(Figure 5B). Subsequently, KRAS-G12C, BRAF-V600E, EGFR-19DEL, and EGFR-
L858R detections were performed synchronously on F-PCR-MNA. The detection
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results of F-PCR-MNA are vividly reflected in the fluorescence images (Figure 5C).
Compared with the lesion sites, the fluorescence of the normal sites was
very weak; thus, they could be easily distinguished from each other. After
sampled by MNA, the same tissues were carefully removed, immersed in para-
formaldehyde overnight, dehydrated, vitrified, embedded in paraffin, sectioned,
and stained with H&E. Evidently, numerous cells with enlarged, irregularly shaped,
and deeply stained nuclei were spotted in the H&E staining images (Figures 5Di,
5Dii, 5Div, 5Dv, and 5Dvii—5Dix); this could preliminarily disclose the possibility of
cancerization. By contrast, the detected regions in Figures 5Diii and 5Dvi were still
non-cancerous. These results were consistent with the F-PCR-MNA-based detec-
tion. Notably, F-PCR-MNA-based detection was also in accordance with intrao-
perative fast pathology and clinical diagnosis. Intraoperative fast pathology refers
to the rapid processing and regular staining of tissues during surgery, which
serves as a pre-diagnosis result to guide subsequent surgery, and the clinical
diagnosis is generated by doctors based on patients’ imaging examination and
routine pathology in the pathology department. Similar procedures were per-
formed on another 15 lung specimens. All 16 cases, including 3 negatives and
13 positives, showed conformity between the two detection approaches, as
well as intraoperative fast pathological results and clinical diagnosis (Figure 5E).
These results demonstrate the reliability of these F-PCR-MNAs for practical use
and indicate their potential for clinical applications.

CONCLUSION

In summary, resembling the heterogeneous back of Stenocara gracilipes,
MNAs with anisotropic wettability were fabricated herein for 3D sampling
and on-needle PCR reaction to realize efficient spatial tumor biopsy. This
MNA, composed of graphene microneedle peaks, PEGDA braces, and a
TMPTA@SIO, substrate, was manufactured by combining multiple techniques,
including 3D printing, nanoparticle self-assembly, template replication, and
light-induced stereolithography. With appropriate mechanical strength, the hy-
drogel brace facilitated tumor tissue penetration and stereoscopic sampling.
Meanwhile, the graphene aerogel enabled the MNA to rapidly collect and capture
DNA biomarkers, whereas the hydrophobic substrate contributed to the replace-
ment of reaction fluids, independence of detection, and a decrease in background
fluorescence. By integrating these attributes, the F-PCR-MNAs were able to
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Figure 2. Characterization and properties of the
MNA (A) Schematic illustrations of the composition
of the MNA and its resemblance to the Stenocara
gracilipes. (B) Optical image of the MNA. (C—E) SEM
images: the MNA (C), the magnified substrate (D), and
the magnified microneedle peak composed of both
graphene aerogel and PEGDA hydrogel (E). (F) Sche-
matic illustrations and time-varying images of drop-
lets sliding down the substrate, the TMPTA plate, and
the PEGDA plate. Droplets are dyed cyan and have a
volumeof 15 ul.tg=ty =ty" =0s,t; =ty =t =0.1 s,
t, =t/ =t,”” =0.15s. (G) Schematic illustrations of the
MNA confining droplets around its microneedle
peaks. (H) Optical images of the MNA being
immersed in water solutions, picking up droplets, and
being imaged under UV. The scale bars represent
500 pm in (B), 100 pm'in (C), 2 pm in (D), 20 umin (E),
1T mm in (F), and 400 pm in (H).

detect four typical lung cancer DNA biomarkers
from standard substance solutions in a specific,
precise, intuitive, and flexible manner. In addition,
animal experiments demonstrated that F-PCR-
MNAs can detect hidden tumors from a large
piece of tissue. The accurate tumor diagnosis
of several patient-derived samples via F-PCR-
MNAs further indicates the practical value and
clinical prospects of this spatial tumor biopsy
strategy.

Compared with traditional histopathology
staining methods (Figure S16), the presented
F-PCR-MNA-based diagnosis has several advan-
tages as listed in Table S1. Essentially, this tech-
nique collects biomarkers directly from the tissue in a 3D omnidirectional
manner; furthermore, it reports detection results visually, precisely, and effi-
ciently. Thus, tedious slicing processes (such as tissue fixation, washing, embed-
ding, and slicing via microtome) and slice-by-slice microscopic examination can
be omitted. In addition, given that the operations rely primarily on a PCR amplifier
and a fluorescent reading device, they are relatively simple for non-specialists.
Additionally, the F-PCR-MNA platform s functional and suitable for tumor hetero-
geneity, with the potential to locate tumor sites and identify gene mutations. In
terms of economic cost, the cost of MNA fabrication is low, and the cost of
the entire platform is very close to that of traditional PCR tests.

However, because cfDNA from tumor cells is distributed throughout the sur-
rounding tissues, the first-generation F-PCR-MNAs presented in this proof-of-
concept work are still unable to realize the accurate localization of tumor cells
or 3D reconstruction analysis of the suspicious tissue. To achieve this goal,
MNAs may have to be scaled down to the nanometer scale to capture DNA
markers directly inside cells. In addition to these improvements, the F-PCR-
MNAs can be integrated with sampling equipment such as puncture needles, bi-
opsy forceps, and endoscopes to avoid the procedures of tissue storage and
transport, thus saving considerable time and manpower. Additionally, future
work will be conducted to allow graphene to occupy more space in the micronee-
dle peaks to guarantee sufficient biomarker capture throughout these peaks. For
this purpose, a higher-concentration graphene-dispersed solution can be used to
fabricate graphene aerogels with increased volume and content. Another way to
increase the graphene distribution is to use porous hydrogels containing high
graphene concentrations, which can be fabricated by adding pore-forming
agents or directional freezing as the peak material. With these benefits and ad-
vancements, this F-PCR-MNA-based strategy is expected to be applied for clin-
ical diagnosis of various cancers and to promote the development of super-fast
tumor detection technologies.

MATERIALS AND METHODS
Fluorosilane modification on silica nanoparticles

In brief, 10 g SiO, nanoparticles were dissolved in 100 mL ethanol via ultrasonic disper-
sion, and 1 mL TH,TH,2H,2H-perfluorodecyltriethoxysilane (PFDTES) was added. The mixed
solution was vigorously stirred for 4 h. To obtain the TMPTA@SIO, solution, the mixture was
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Figure 3. DNA capture and detection abilities of
MNAs (A and B) Abilities of microneedle peaks
without graphene aerogel (A) and with graphene aer-
ogel (B) to enrich fluorescence-labeled DNA. The DNA
concentrations vary from 0 to 10,000 pM. (C) Sche-
matic illustrations of F-PCR-MNA-based detection of
lung carcinoma DNA biomarkers in standard sub-
stance solutions. Fluo., fluorescence. (D) Fluores-
cence images and corresponding fluorescence in-
tensities of microneedle peaks after detecting KARS
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.51‘{- intensity. n = 4. (E) Fluorescence images and corre-
R sponding fluorescence intensities of microneedle
y - peaks after detecting KARS in mixed solutions with
. interfering DNA. n = 4. Student's t test was performed
by comparing the KARS group with other groups. NS,
not significant. All scale bars represent 200 um.
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gles were measured using a contact angle meter (Hita-

D E chi, CA-A) with 2 uL dH,0 droplets at room temperature.
80 L2 The sliding experiments were performed by dripping
= 80-— cyan-dyed dH,0O droplets with a volume of 15 pL on
— 60 I 5 the plates with a slope of approximately 45°. Real-
§ I I é L . time photographs were recorded using a camera (Hua-
S0l pmE g I I wei P30pro).
>
< B 40|
e Droplet picking up tests
2 20k To observe the behavior of each microneedle peak
more carefully, 20 x 20 MNAs with large intermicronee-
0\ ARS  BRAF  EGFR  EGFR* 0 KkaRs KARS  KARS+BRAF _KARS+BRAF dle distances were used. The MNA was vertically
+BRAF +EGFR  +EGFR+EGFR* immersed in a red fluorescent water solution for 5 s

blended with TMPTA pre-polymer at a certain ratio by vortex oscillation. After evaporating
the ethanol in an oven (at 75°C overnight), the TMPTA@SIO, solution was prepared.

Fabrication of F-PCR-MNA

A 49 x 49 microneedle template array was generated using a 3D printer (Markforged).
The microneedle height, microneedle basal diameter, intermicroneedle distances, substrate
sizes, and material compositions were 500 pm, 250 pm, 400 um, 20 x 20 x 1.8 mm?,
and nylon plastic, respectively. Subsequently, polydimethylsiloxane (PDMS) with 10% (v/v)
curing agents was poured on the microneedle template, and the template was cured
at 60°C overnight. Thus, the silicone negative mold with a complementary shape was con-
structed. Next, 20 mg/mL graphene dispersed solution was filled in the cavities of the
negative mold via vacuum treatment for 10 min three times. After removing the extra
dispersed solution, the solutions remaining in the cavities were reacted with 10% (w/v)
CaCl, for 30 min. Subsequently, they were held at —80°C overnight and freeze dried in a
lyophilizer (Biocool). A 50% (v/v) PEGDA solution mixed with 1% (v/v) 2-hydroxy-2-
methylpropiophenone (HMPP) was added to the graphene aerogels and vacuum treated.
The redundant PEGDA solution was discarded, and the residual solution was solidified via
ultraviolet (UV) irradiation (365 nm) for 30 s. Subsequently, the TMPTA pre-polymer contain-
ing 1% (v/v) HMPP and 10% (w/V) fluorosilane-modified silica nanoparticles was then added,
connected to PEGDA, and polymerized under UV light (365 nm) for 3 min. The MNA was
fabricated by peeling off the negative silicone mold.

Compression tests

To conduct the compression tests, graphene aerogels were made into cylindrical blocks
with a bottom diameter of 5 mm and a height of 2.5 mm using the same methods as the
CaCl, treatment and freeze drying. Half of the blocks were fused with PEGDA hydrogels
by submerging them in a PEGDA solution (50%, v/v) overnight, removing them, and solidify-
ing them under UV light (365 nm, 30 s). An electronic material testing system (INSTRON)
was employed to record real-time forces. The pressure was measured according to the
user's manual, and the moving speed was set to 1T mm/min.

Wettability tests
Three types of polymer plates were used for wettability tests: PEGDA, TMPTA, and
TMPTA plates containing 10% (w/v) fluorosilane-modified silica nanoparticles. Contact an-

before it was slowly removed. After the extra solution

flowed away, a top-view fluorescence image of the
microneedle peaks surrounded by droplets was captured under UV irradiation (365 nm)
using a charge-coupled device (CCD) camera (Oplenic) connected to a stereomicroscope
(Jiangnan).

Capture of fluorescence-labeled DNA

Fluorescence-labeled DNA solutions at concentrations of 0, 10, 100, 1,000, and 10,000
pM were prepared for later use. To determine the optimal incubation time, the MNA was
immersed in 1,000 pM DNA solutions at 37°C for 5, 10, 15, 20, 30, and 40 min. To compare
the DNA absorption effects, MNAs and microneedles without graphene aerogels were
immersed in the above DNA solutions at 37°C for 30 min. After incubation, the remaining
DNA was removed by adsorbing it onto the paper. Fluorescent images were obtained using
an inverted fluorescence microscope (Leica DMi8).

Detection of DNA biomarkers in standard substance solutions

Four standard substances were used in the experiments: KRAS-G12C, BRAF-V600E,
EGFR-19DEL, and EGFR-L858R; these standards were diluted 1,000 times with dH,0 be-
forehand. MNAs were incubated with the standard substance solutions at 37°C for
30 min. Subsequently, they were removed, and the excess solution was removed using
an absorbing paper. After being dipped in the PCR fluids, the MNAs were placed upside
down in a glass dish, and paraffin oil was added for sealing. The entire system was placed
in a PCR amplifier whose customized heating platform had a specific concave shape to
hold the glass dish (Life Technologies, 2720 Thermal Cycler). The amounts of different re-
action liquids and settings of the PCR program were determined according to the manu-
facturer's instructions. Finally, the reaction fluids were removed, and fluorescence images
of the MNAs were examined using an inverted fluorescence microscope (Leica, DMi8).
Diluted standard substances were detected using fluorescent quantitative PCR as
reference.

Fabrication of compartmentalized F-PCR-MNAs

The fabrication procedure for the compartmentalized MNAs was similar to that described
above. By contrast, negative silicone molds with specially designed ditches, which were
fabricated by carving the original negative molds, were employed. For bisecting the
MNAs, the ditch was on the centerline, whereas for quartering the MNAs, the ditches
were on the diagonals. Other surgical procedures were unaltered.
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Penetration tests

Before the penetration tests, 5% agarose blocks of 1 x 1 x 0.5 cm® were immersed in
1,000 pM fluorescence-labeled DNA solution overnight, and tumor tissues were excised
from mice 10 days after model establishment. MNAs were pressed on the agarose blocks
and tumor tissues via a microneedle injector (EFL, Suzhou, China), respectively, and then
placed at 37°C for 30 min. Bright-field images were captured using a camera phone (Huawei
P30pro). Fluorescence images of the MNAs after capturing the DNA in the agarose blocks
were recorded using an inverted fluorescence microscope (Leica DMi8). LSCM images were
obtained using a laser scanning confocal microscope (Olympus FV3000).

Detection of tumor tissues from nude mouse models

Tumor tissues that grew for 3 days in mice were excised together with neighboring
normal tissues for detection (tumor size, <0.15 cm®). The samples were cut into small
pieces (<0.01 cm?®), pressed by MNAs via the microneedle injector (approximately 8 N),
and incubated in a moist environment at 37°C for 30 min immediately after their acquisition.

[ /) positive \ |

g e
MNA
H&E
intraoperative fast pathology
clinical diagnosis

ARTICLE

Figure 4. In vivo detection of mouse tissue samples
(A) Schematic illustrations of the acquisition of
mouse tumor tissues. (B) Schematic illustration of
tissue segmentation. (C) Optical image of the tumor
tissue enclosed by normal tissue. (D) Optical images
of the MNAs bearing mouse tumor tissues and
normal tissues. The hybrid tissue is cutinto 3 x 3 x 3
pieces, with the tumor tissues labeled as no. 5 of layer
1,n0s. 1,2, 4,and 5 of layer 2, and nos. 1, 2, and 5 of
layer 3. (E) Corresponding fluorescence images of the
microneedle peaks to show the results. (F) 3D
reconstruction of each layer (tumor sites: green;
normal sites: black). (G) 3D reconstruction of the
entire tissue (tumor sites: green; normal sites: gray).
The scale bars represent 0.5 cm in (C) and (D) and
500 pm in (E).

The kits for EGFR-L858R detection were used, and the MNAs were subjected to the same
detection process as previously described. Fluorescence and LSCM images were obtained
using an inverted fluorescence microscope (Leica, DMi8) and a laser scanning confocal mi-
croscope (Olympus, FV3000), respectively. 3D reconstruction was performed using a scan-
ner and the 3D MAX 2021 software. Specifically, a scanner was used to capture the front,
back, left, right, top, and bottom images of the tissue. Based on these images, an outline
of the tissue was drawn.

Detection of clinical specimens

Sixteen patient-derived specimens were acquired via ultrasound-guided lung puncture at
the Drum Tower Hospital, with informed consent from the patient. Most parts of the spec-
imen were used for clinical diagnosis, and a small segment was used for microneedle detec-
tion. Detection was performed within 12 h of retrieval. The tissue segments (<0.05 cm?)
were further cut into small pieces (<0.006 cm®), pressed by MNAs via the microneedle
injector (approximately 8 N), and then incubated in a moist environment at 37°C for

Figure 5. In vivo detection of clinical patient speci-
mens (A) Schematic illustration of the source of pa-
tient specimens. (B) Optical image of the MNA bearing
the sliced tissues from one patient specimen (i—ix).
(C) Corresponding fluorescence images of the mi-
croneedle peaks to show the results. (D) Corre-
sponding H&E staining images of the sliced tissues
after they are removed from the MNA. (E) Colored
table showing the conformity of F-PCR-MNA-based
detection, H&E staining, intraoperative fast pathol-
ogy, and clinical diagnosis of 16 patient specimens.
The scale bars represent 1 cm in (B), 800 pm in (C),
and 50 pm in (D).
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30 min. KRAS-G12C, BRAF-V600E, EGFR-19DEL, and EGFR-L858R were detected as previ-
ously described. Fluorescent images were obtained using an inverted fluorescence micro-
scope (Leica DMi8). In addition, immediately after their careful removal from the MNAs,
the tissue segments were immersed in paraformaldehyde overnight, dehydrated by graded
ethanol, vitrified by dimethylbenzene, embedded in paraffin, and cut into 5 um slices for H&E
staining.
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