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ABSTRACT

Microinjection protocols that involve using a hollow, high-
aspect-ratio microneedle to deliver foreign material (e.g., cells,
DNA, viruses, and micro/nanoparticles) into biological targets (e.g.,
embryos, tissues, and organisms) are essential to diverse biomedical
applications in both research and clinical settings. A key deficit of
such protocols, however, is that standard microneedle architectures
are inherently susceptible to clogging-induced failure modes, which
can diminish experimental rigor and lead to failed microinjections.
Additive manufacturing (or “three-dimensional (3D) printing”)
strategies based on “Two-Photon Direct Laser Writing (DLW)”
offer a promising route to address clogging failure phenomena by
rearchitecting the needle tip, yet achieving 3D-printed microneedles
with the mechanical strength necessary to penetrate into biological
targets (e.g., embryos) has remained a critical barrier to efficacy.
To overcome this barrier, here we harness a recently reported
polyhedral oligomeric silsequioxane (POSS) photomaterial to
DLW-print fused silica glass high-aspect-ratio microinjection
needles with enhanced mechanical strength. Experimental results
for POSS-based 3D-nanoprinted microneedles with inner and outer
diameters of 10 um and 15 um, respectively, and heights ranging
from 500-750 um revealed that the needles not only enabled
successful puncture and penetration into early-stage zebrafish
embryos, but also significantly reduced the magnitude of undesired
deformations to the embryos during needle puncture and penetration
from 61.0£12.1 um for standard glass-pulled control microneedles
to 42.4+11.5 um for the POSS-enabled 3D microneedles (p < 0.01).
In combination, these results suggest that wide-ranging biomedical
fields could benefit from the presented 3D microinjection needles.
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INTRODUCTION
Hollow glass microneedles—also referred to as “micro-
capillary needles” and “micropipettes”—are critical to biomedical

applications ranging from developmental biology and cancer
research to stem cell therapy and in vitro fertilization (IVF) [1-4].
Despite their widespread use, traditional microneedles—which
comprise a singular opening at the top of the tip—are inherently
susceptible to clogging-associated failure phenomena, such as
material from the injection target (e.g., cytoplasmic material from
an embryo) becoming lodged in the needle tip during puncture and
penetration, thereby physically obstructing injection [5, 6]. Such
clogging failures are particularly problematic in cases that involve
high numbers of serial microinjections (e.g., in research settings)
and/or high-value samples (e.g., sperm/embryos for IVF) [7-9].
Previously, we reported the use of DLW for fabricating 3D micro-
needle architectures, such as those with a solid fine-point tip and
multiple side ports [10], which could provide a means to prevent
needle clogging during insertion, but challenges stemming from
microneedle mechanics remain a key bottleneck. For example,
zebrafish embryos—one of the most common embryos in bio-
medical research—necessitate microinjection needles with outer
diameters (ODs) < 15 um to prevent catastrophic injury to the
embryo, yet heights > 500 um to reach the target yolk [11, 12];
however, DLW-printed needles comprising standard photomaterials
along with such high-aspect-ratio architectures lack the mechanical
strength required to effectively penetrate into zebrafish embryos.
Although the overall geometry of the needle cannot be modified to
enhance rigidity (e.g., increasing the OD or decreasing the height),
a DLW-compatible POSS-based photomaterial reported recently by
Bauer et al. [13] could offer a new materials-based pathway to
address the aforementioned mechanical challenges. Thus, here we
investigate the potential for a POSS-based DLW-printing strategy
to facilitate 3D amorphous fused silica glass microneedles with
mechanical properties that are sufficient for puncturing and
penetrating into early-stage zebrafish embryos (Fig. 1).

CONCEPT

The POSS-based 3D microneedle fabrication process includes
four main steps and is based on our previously reported “ex situ
DLW (esDLW)” approach for printing 3D microfluidic structures
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Figure 1. Conceptual overview of the polyhedral oligomeric silsequioxane (POSS)-based “Two-Photon Direct Laser Writing (DLW)”
strategy for additively manufacturing fused silica glass microneedles with the mechanical strength required for embryo microinjections.
(a) POSS photomaterial deposited atop a glass capillary. (b) 3D nanoprinting of the microneedle directly atop the capillary via “ex situ
DLW (esDLW)”. (c) Thermal post-processing to achieve amorphous fused silica glass microneedle. (d) Example application in which the
resulting mechanically robust microneedle is used to puncture and penetrate into a zebrafish embryo (through the tough chorion membrane).
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Figure 2. Fabrication results.
esDLW process for 3D nanoprinting a POSS-based microneedle atop a glass capillary. (c,d) Brightfield (left) and SEM (right) micrographs
of 3D-nanoprinted POSS-based microneedles (c) before, and (d) after the thermal post-processing protocol to achieve amorphous fused
silica glass microneedles. (e) Energy Dispersive Spectroscopy (EDS) analysis results for the final microneedle material.

directly atop meso/macroscale fluidic components [14-18]. First,
POSS photomaterial is deposited onto an open end of a glass
capillary (Fig. 1a). Second, a femtosecond infrared (IR) laser is
scanned in a point-by-point, layer-by-layer, routine to crosslink the
polymer and POSS-cage via two-photon (or multi-photon)
polymerization phenomena (Fig. 1b). After completion of the
esDLW 3D printing process, the print is developed to remove any
residual POSS photomaterial. Lastly, the microneedle-capillary
assembly is thermally processed to facilitate decomposition of the
polymeric component, which also leads to isotropic shrinkage of the
printed microneedle structure (Fig. 1¢). Thereafter, the resulting
amorphous fused silica glass microneedle can be used to puncture
and penetrate through the stiff chorion membrane into zebrafish
embryos (Fig. 1d) for microinjection applications.

MATERIAL AND METHODS
POSS-Based esDLW Fabrication of 3D Microinjection Needles
The POSS photoresist was prepared as described by Bauer et
al. [13], which involved combining three components: (i) 89 wt%
acrylic polyoctahedral silsesquioxanes (MA0736, Hybrid Plastics),
(i) 9 wt% ethoxylated (6) trimethylolpropane triacrylate (SR499,
Sartomer), and (iii) 2 wt% 2-benzyl-2dimethylamino-4’-morpho-
linobutyrophenone (Irgacure 369, CIBA Specialty Chemicals).
For the glass capillary base, amber fused silica polyimide-coated
tubes (Molex LLC, Lisle, IL, USA) with an inner diameter (ID) of
75 pm and OD of 360 um were: (i) cut to a length of 2 cm, (i7) baked
at 600 °C for 1 hr (to remove the polyimide coating, which can cause
burning during the DLW printing process), (iif) Oz plasma etched
for 30 min in a plasma cleaner (PIE Scientific), (iv) immersed in a
silanization solution of 0.5% v/v 3-(trimethoxysily)propyl meth-
acrylate (Sigma-Aldrich) in ethanol for 30 min, and then (v) rinsed
with acetone and water. The glass capillaries were placed in custom
holders and loaded into the DLW 3D printer (Nanoscribe GT2,
Nanoscribe GmbH & Co. KG). Several drops of the POSS photo-
material were deposited on both the capillary and objective lens.
The laser writing path was generated by creating a 3D model
of the microneedle in SolidWorks (Dassault Systémes) computer-
aided design (CAD) software, exporting the model as an STL file,
and then importing the STL file into DeScribe (Nanoscribe) compu-
ter-aided manufacturing (CAM) software for slicing. The esDLW
process was performed using the “Dip-in Laser Lithography (Dill)”
configuration and the 25x objective lens using the Nanoscribe GT2
printer. Following completion of the esDLW printing process, the
microneedle-capillary assembly was removed from the holder,
immersed in isopropyl alcohol (IPA) for 40 min, and then allowed
to air dry. The microneedle-capillary assemblies were placed into a
stainless-steel baking dish (to hold them upright throughout the
bake), which were then loaded inside a Linberg Blue Split Hinge

85

N
o
=
3

B Map Sum Spectrum :
H Wt% o
fisi 503 01
i 0 01 ¢

A\ - 3

0

s ————

| — — 0 H 4 6 keV

(a, b) Computer-aided manufacturing (C/;M) simulations (a) and co;;egponding micrographs (b) of the

Single Zone Tube Furnace (ThermoFisher). The thermal post-
processing included: (i) a ramp up of 1.5 °C/min from room
temperature to 650 °C, (if) a hold at 650 °C for 1 hr, and then (iii) a
cool down of < 2 °C/min. Following the thermal processing, a
marine epoxy (Loctite HY4090, Henkel Corporation) was manually
placed around the base of the microneedle and allowed to cure for
24 hrs to strengthen the microneedle-capillary interface integrity.

Optical and Material Characterization of Fabrication Results
Brightfield and scanning electron microscope (SEM) images
were captured using an Axio Observer.Z1 inverted microscope
(Zeiss) connected to charge-coupled device (CCD) camera (Axio-
cam 503 Mono, Zeiss) and a TM4000 Tabletop SEM (Hitachi),
respectively. Electron Dispersive Spectroscopy (EDS) results were
obtained while the microneedle was within the SEM, and results
were analyzed with Aztec One EDS software (Oxford Instruments).

Microneedle Mechanical Testing with Agarose Gels In Vitro

To facilitate interfacing between the microneedle and the
pipette holder (PLI-PH1, Harvard Apparatus), the opposing end of
the capillary was inserted into a thermoplastic micropipette (5-000-
2005 Wiretrol II, Drummond Scientific Company) and epoxied in
place (Loctite HY 4090, Henkel Corporation). This assembly was
attached to a vertical translation stage (Thorlabs) and individual
microneedles were lowered continuously toward—and, if possible,
into—an agarose gel (10 wt%) while monitored optically.

Microneedle Experimentation with Zebrafish Embryos In Vivo

Zebrafish embryos in the blastula period (approximately 4 hrs
post fertilization) were cultured and placed in media in a Petri dish.
The POSS-based esDLW-printed 3D microneedles were compared
against two sets of experimental control microneedles to evaluate
embryo penetration efficacy, with results quantified from videos
captured during the insertion process using ImageJ software (NIH):
(7) as-printed esDLW-based microneedles, which were printed with
a standard commercial photopolymer and did not undergo any ther-
mal post processing, and (i7) standard laboratory glass microneedles.
For cases in which puncture was unsuccessful, unintended
deformations of the microneedles were quantified and compared to
the POSS-associated case. For cases with successful penetration,
unintended deformations of the embryo membrane were quantified.

RESULTS AND DISCUSSION

POSS-Based esDLW Fabrication and Material Properties
CAM simulations and corresponding micrographs of the

esDLW-printing process for the POSS-based photomaterial are

presented in Figure 2a and 2b, respectively. To account for the

expected 40% shrinkage [13], the as-printed microneedle designs
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were scaled up by 166% (e.g., OD =25 um; ID = 16.6 um) (Fig. 2¢).
Additionally, the base of the needle was designed with a diameter of
350 pm, which is smaller than the diameter of the uncoated capillary
to prevent cracking of the base during the thermal decomposition-
associated shrinkage process.  Following the thermal post
processing, optical characterizations revealed that the resulting
microneedles resolved within 2% of the target 15 4m OD and 10 um
ID (e.g., Fig. 2d). In addition, the results from EDS analysis
corroborated the transition to amorphous fused silica, revealing
material properties approximately consistent with that of a SiO2
composition (Fig. 2e).

Microneedle Experimentation with Agarose Gels In Vitro

To initially evaluate the mechanical strength of the micro-
needles, we performed in vitro studies in which we attempted to
penetrate into a 10 wt% agarose gel using POSS-based esDLW-
printed 3D microneedles with heights of 500 gm (OD = 15 um; ID
=10 um) as well as an as-printed experimental control microneedle
(i.e., esDLW-printed with a standard photomaterial and without
thermal post processing). In every test performed with the as-
printed control microneedles, the needle consistently failed to
penetrate into the agarose gel, instead revealing buckling-type
mechanical failures (e.g., Fig. 3a). In contrast, the POSS-based
microneedles revealed successful puncture and penetration into the
agarose gel (e.g., Fig. 3b), providing an initial indication that the
POSS-based photomaterial and post-processing steps resolve
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Figure 3. Experimental results for microneedle penetration in vitro using an agarose gel (10 wt%). Sequential images from videos of
representative examples for: (a) an as-printed experimental control 3D microneedle, and (b) a POSS-based esDLW-printed 3D microneedle.

microneedles that can penetrate into targets not possible using
standard as-printed photomaterials.

Microneedle Experimentation with Zebrafish Embryos In Vivo

To further interrogate the mechanical strength of the micro-
needles in cases with direct relevance to biomedical research and
applications, we performed in vivo penetration studies with
zebrafish embryos in the blastula stage, which is when the chorion
membrane surrounding the embryo is at its strongest [19, 20].
Consistent with the in vitro experiments, the as-printed experimental
control 3D microneedles were unable to penetrate into the target
embryos; however, in this case, instead of buckling, the needles
exhibited lateral deflections away from the direction of intended
insertion (e.g., Fig. 4a). In contrast, experiments with both the
POSS-based esDLW-printed 3D microneedles—with heights of 750
um, ODs of 15 um, and IDs of 10 um—and standard laboratory glass
control microneedles revealed successful penetration into the
zebrafish embryos without any signs of undesired deflections like
those found for the as-printed control case (Fig. 4a—d).

Although both the POSS-based 3D microneedles and the
standard laboratory glass control microneedles yielded effective
embryo penetration (e.g., Fig. 4b,c), an initial concern was that the
POSS-based 3D needles might lead to higher deformations of the
membrane prior to puncture, which could, in turn, increase the risk
of injury to the target embryo. To evaluate this potential, we
quantified the magnitude of embryo membrane deformation during
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Figure 4. Experimental results for microneedle penetration in vivo using live zebrafish embryos in the blastula period. (a—c) Sequential
micrographs captured from representative videos of microneedle puncture and penetration attempts using: (a) an as-printed experimental
control 3D microneedle, (b) a POSS-based esDLW-printed 3D microneedle, and (c) a standard laboratory glass control microneedle.
(d) Quantified results for unintended lateral deflection of the microneedle (e.g., due to bending) during: (red diamonds) a failed penetration
attempts with an as-printed control 3D microneedle, and (blue circles) a representative [successful] penetration case with a POSS-based
esDLW-printed 3D needle. (e) Quantified results for undesired puncture/penetration-associated embryo membrane deformations for stan-
dard laboratory glass control needles (n = 12 embryos) versus POSS-based esDLW-printed 3D needles (n = 13 embryos). * =p < 0.01.
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puncture and penetration for both cases. These results revealed a
statistically significant decrease in the average membrane
deformation from 61.0+£12.1 um (n = 12 embryos) for the standard
laboratory glass control microneedles to 42.4+11.5 um (n = 13
embryos) for the POSS-based 3D needles (p < 0.01) (Fig. 4e),
suggesting that the POSS-based esDLW-printed 3D microneedles
could offer a new pathway to reduce potential damage to the
embryos stemming from the microneedle insertion process and/or
improve ultimate viability.

CONCLUSION

Here we investigated the use of a POSS-based esDL W-printing
and post-processing strategy to additively manufacture new classes
of fused silica glass 3D microinjection needles with mechanical
properties that facilitated effective puncture and penetration into live
zebrafish embryos. Furthermore, because the in vivo embryo
experiments also revealed that the presented POSS-based 3D
microneedles with heights of 750 gm, ODs of 15 um, and IDs of 10
um led to a statistically significant reduction in the magnitude of
embryo membrane deformation during puncture and penetration
compared to standard laboratory glass microneedles, future efforts
should focus on investigating the potential that such microneedles
could mitigate pervasive microinjection-associated failure modes
stemming from needle-induced injury to biological targets (e.g.,
embryos, cells, and tissues). To our knowledge, this work marks the
first demonstration of a 3D-printed hollow microneedle successfully
puncturing the chorion membrane of a zebrafish embryo while also
maintaining the high-aspect-ratio geometric requirements (i.e.,
height > 500 xm, OD < 15 um) to ensure relevance for biomedical
research protocols. Consequently, the strategy and results reported
herein could provide a critical foundation for next-generation 3D
microneedles as an enabling technology for fundamental and
applied biomedical fields.
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