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1. Introduction

Microinjection technologies underlie 
a diversity of biomedical applications, 
such as in vitro fertilization, intraocular 
injection, therapeutic drug and vaccine 
delivery, developmental biology, and trans-
genics.[1–4] Historically, microinjection pro-
tocols have relied on using a single hollow 
microneedle to deliver target substances 
(e.g., cells, DNA, RNA, micro/nanoparti-
cles) to a singular location of interest.[5–7] 
Recently, however, alternatives in the form 
of microneedle arrays (MNAs) have gar-
nered increasing interest due to a wide 
range of benefits over their single-needle 
counterparts, including the ability to rap-
idly deliver target material over a large, 
distributed area, which has proven to be 
particularly beneficial for transdermal and 
intradermal drug delivery.[8–11] Despite the 
significant potential of MNAs for micro-
injection applications, the majority of 
current MNA developments are founded 
on solid (e.g., coated and/or dissolvable) 

Microinjection protocols are ubiquitous throughout biomedical fields, with 
hollow microneedle arrays (MNAs) offering distinctive benefits in both 
research and clinical settings. Unfortunately, manufacturing-associated barriers 
remain a critical impediment to emerging applications that demand high-den-
sity arrays of hollow, high-aspect-ratio microneedles. To address such chal-
lenges, here, a hybrid additive manufacturing approach that combines digital 
light processing (DLP) 3D printing with “ex situ direct laser writing (esDLW)” 
is presented to enable new classes of MNAs for fluidic microinjections. 
Experimental results for esDLW-based 3D printing of arrays of high-aspect-
ratio microneedles—with 30 µm inner diameters, 50 µm outer diameters, and 
550 µm heights, and arrayed with 100 µm needle-to-needle spacing—directly 
onto DLP-printed capillaries reveal uncompromised fluidic integrity at the 
MNA-capillary interface during microfluidic cyclic burst-pressure testing for 
input pressures in excess of 250 kPa (n = 100 cycles). Ex vivo experiments 
perform using excised mouse brains reveal that the MNAs not only physi-
cally withstand penetration into and retraction from brain tissue but also yield 
effective and distributed microinjection of surrogate fluids and nanoparticle 
suspensions directly into the brains. In combination, the results suggest that 
the presented strategy for fabricating high-aspect-ratio, high-density, hollow 
MNAs could hold unique promise for biomedical microinjection applications.
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microneedles that are inherently incompatible with active flu-
idic microinjection protocols.[12–14] This focus on solid MNAs 
is, in part, due to the considerable challenges associated with 
manufacturing arrays comprising hollow microneedles at small 
scales. Specifically, although researchers have demonstrated that 
conventional clean room-based micromachining approaches 
can be adapted to fabricate arrays of hollow microneedles,[15–17] 
such protocols can be exceedingly time-, cost-, and labor-inten-
sive, while restricting the architectures of the microneedles to 
low-aspect-ratio “2.5D” geometries.[18–20] The geometric limita-
tions, in particular, represent a significant barrier to extending 
the benefits of MNAs to emerging microinjection applications, 
such as for treatments of neurological conditions.

One example of such a treatment in which MNAs could 
potentially offer benefits over single-needle injection strategies 
is stem cell therapy (SCT). A crucial obstacle to the clinical effi-
cacy of SCT is the poor viability of stem cells following delivery 
into the brain.[21–23] One challenge associated with conventional 
needles is cell crowding at the injection site due to the high con-
centrations of donor cells (e.g., up to 100  000  cells  µL−1),[24,25] 
which can lead to large cell spheroids with undesirable condi-
tions (e.g., decreased access to O2 and nutrients for interior 
cells) that contribute to the low survival rates of implanted 
stem cells.[26–29] It is possible that simultaneous, distributed cell 
delivery via MNAs could provide novel means to improve cell 
survival rates by reducing cell crowding; however, no MNA yet 
exists to enable such studies. For instance, even in the case of 
mice—a widely used disease model[30] with a relatively shallow 
(≈1 mm) cerebral cortex compared to other animal models[31]—
the ability to penetrate into the cerebral cortex for therapeu-
tics delivery would necessitate hollow microneedles that not 
only comprise outer diameters (ODs) on the order of tens of 
micrometers but also include heights in excess of 500 µm. Con-
sequently, new strategies for manufacturing MNAs composed 
of such high-aspect-ratio, hollow microneedles are in critical 
demand.

Additive manufacturing (or colloquially, “3D printing”) 
technologies offer distinctive benefits for applications that 
require a high degree of geometric control in component fab-
rication.[32–34] Previously, researchers have demonstrated a wide 
range of 3D printing techniques for the fabrication of needle 
arrays at various scales. For example, at larger scales, Derakh-
shandeh et  al. used extrusion-based 3D printing (e.g., “direct 
ink writing”) to manufacture arrays of hollow, millimeter-scale 
needles for drug delivery,[35] which facilitated enhanced wound 
healing.[36] For mesoscale needles, however, the print speed and 
geometric limitations of extrusion-based methods at smaller 
scales[37–39] have motivated investigators to instead focus on 
fabricating MNAs via vat photopolymerization approaches, 
such as stereolithography and digital light processing (DLP) 
3D printing.[40–42] Unfortunately, these printing techniques are 
poorly suited for printing hollow MNAs that comprise needles 
with sub-100 µm ODs, which has led to increasing interest in 
the use of “direct laser writing (DLW)” for such cases.

DLW entails scanning a femtosecond pulsed IR laser in a 
point-by-point, layer-by-layer manner to selectively crosslink 
a photocurable material in target locations via two-photon (or 
multiphoton) polymerization to ultimately produce 3D objects 
comprising cured photomaterial with feature resolutions down 

to the 100 nm range.[43–46] Previously, researchers have demon-
strated the utility of using DLW to print MNA master molds, 
which can then be used to replicate solid MNAs with drug coat-
ings[47–50] or solid MNAs that are fully dissolvable.[51,52] Addi-
tionally, Rad et al. reported the use of DLW to print molds and 
MNAs directly that include open (i.e., unenclosed) side chan-
nels.[53–55] For realizing hollow microneedles that are a requi-
site for microinjection applications, one key challenge inherent 
to the submicrometer-scale resolution of the DLW-printing 
volume element (i.e., “voxel”) is that it is ill suited for con-
structing the larger macro-to-microinterfaces (e.g., input ports) 
required for delivering fluids to the needles.[56,57,92] To avoid the 
undesirable costs and time associated with fabricating macro-
to-microinterfaces in their entirety via DLW,[58] researchers 
have instead DLW-printed hollow singular microneedles (aspect 
ratios ≈4–5)[59] and MNAs (aspect ratios ≈2–5)[60] as isolated 
entities, and then used adhesives (e.g., glue) to manually con-
nect the printed components to macroscale fluidic interfaces. 
Trautmann et al. bypassed such protocols by employing a fab-
rication methodology that combines femtosecond laser irradia-
tion, annealing, grinding, and polishing to produce microchips 
with external openings, and then DLW-printing truncated cone-
shaped MNAs (aspect ratios ≈1.3–3) directly onto the chips.[61] 
In contrast to the aforementioned approaches, printing MNAs 
directly onto fluidic connectors (e.g., at the end of capillaries) 
would overcome many of the current interface-associated bar-
riers to MNA utility. Furthermore, to our knowledge, no report 
yet exists (for conventional or additive manufacturing-based 
approaches) in which MNAs are fabricated with hollow, high-
aspect-ratio (e.g., ≥10) microneedles with microscale ODs (e.g., 
<100  µm) and high array densities (e.g., ≤100  µm needle-to-
needle spacing) relevant to emerging microinjection appli-
cations, such as the delivery of therapeutic fluidic payloads 
directly into brain tissue.

In this work, we introduce a novel hybrid additive manufac-
turing strategy that entails using DLP 3D printing to fabricate 
batches of capillaries in set positions (Figure 1a,b), and then 
employing an “ex situ DLW (esDLW)” approach to DLW-print 
hollow, high-aspect-ratio, high-density MNAs directly onto—
and notably, fluidically sealed to—the DLP-printed capillaries 
(Figure  1c,d). Thereafter, individual MNA-capillary assemblies 
can be selectively released by disrupting the connections to the 
batch (Figure 1e, arrows) and then interfaced with injector sys-
tems for microinjection applications. As an exemplar, we inves-
tigate the utility of the MNAs for performing microinjections 
into brain tissue (Figure 1f) by using excised mouse brains to 
not only evaluate MNA penetration into and retraction from the 
tissue with respect to microneedle integrity but also explore the 
efficacy of MNA-mediated delivery of microfluidic cargo (e.g., 
aqueous fluids and nanoparticle suspensions) into brain tissue 
ex vivo.

2. Results and Discussion

2.1. Hybrid Additive Manufacturing of Hollow MNAs

The presented hybrid additive manufacturing strategy consists 
of two fundamental stages: i) DLP 3D printing of batch arrays 
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of capillaries and ii) esDLW-based printing of the MNAs directly 
atop each capillary. DLP 3D printing is a vat photopolymeriza-
tion approach in which a DLP projector is used to UV-crosslink 
a liquid-phase photocurable material in designated locations in 
a layer-by-layer manner to ultimately produce 3D objects com-
posed of cured photomaterial.[62] Here, we leveraged DLP 3D 
printing to fabricate batches of arrayed capillaries in a single 
print run to overcome several drawbacks of recent esDLW 
approaches for printing 3D micro/nanostructured objects onto 
mesoscale fluidic components, such as micropiston-based 
microgrippers[63] and liquid biopsy systems[64] onto fluidic capil-
laries. First, the geometric control afforded by DLP 3D printing 
allows for each capillary to be designed with a variable OD 
to match the dimensions of the capillary base to those of the 
desired injector system. This capillary-specific geometric cus-
tomization capability obviates the need for additional fluidic 
adapters and/or sealants (e.g., glues) often required to couple 
the mesoscale capillaries to macroscale fluidic equipment (e.g., 
injector systems).[63–65] Second, the outer dimensions of the 
batch array can be designed to support facile loading into the 
DLW 3D printer, which eliminates the time, labor, and costs 
associated with manufacturing and employing custom-built 

capillary holders typically needed for esDLW approaches.[63–65] 
Lastly, the ability to print all of the capillaries in predefined 
array locations—with uniform surface positions and rotational 
orientations—addresses critical deficits associated with the use 
of custom-built capillary holders that rely on undesired manual 
(e.g., by hand and/or eye) alignment protocols for each indi-
vidual capillary.[65]

For DLP 3D printing of the batch capillary arrays, we used 
a Miicraft M50 microfluidics DLP 3D printer (CADworks3D, 
Toronto, ON, Canada) to fabricate two batches (i.e., 18 capil-
laries in total) per print run, which corresponded to a total 
print time of less than 45 min (Movie S1, Supporting Informa-
tion). To enable direct integration with the nanoinjector system 
(MO-10, Narishige International USA, Inc., Amityville, NY), we 
designed each capillary with a consistent inner diameter (ID) 
of 650 µm, but with a variable OD that was set at 1.2 mm for 
the top 1.5  mm and then gradually increased to 2.4  mm for 
the remainder of the 10 mm length of the capillary (Figure S1, 
Supporting Information). Fabrication results revealed effec-
tive construction of the arrayed capillaries—each attached to 
the batch via five connecting structures (400 µm in width and 
depth; 1.5  mm in length) (Figure 2a,b). In addition, the outer 
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Figure 1.  Conceptual illustrations of the hybrid additive manufacturing strategy for 3D microprinting hollow, high-aspect-ratio microneedle arrays 
(MNAs) for microinjection applications. a,b) Digital light processing (DLP)-based 3D printing of batch capillaries. a) A liquid-phase photocurable 
material is UV-crosslinked in designated locations in a layer-by-layer manner to produce a batch of arrayed capillaries comprising cured photomaterial. 
b) The DLP-printed batch of prealigned capillaries following the development process. c–e) “Ex situ direct laser writing (esDLW)” of MNAs directly 
atop—and fluidically sealed to—each DLP-printed capillary. c) A femtosecond pulsed IR laser is scanned to selectively initiate two-photon polymeriza-
tion of a liquid-phase photocurable material in a point-by-point, layer-by-layer manner to produce MNAs comprising cured photomaterial. d) A batch 
array of MNA-capillary assemblies following the DLW-associated development process. e) Individual MNA-capillary assemblies within the array can 
be released on demand by manually severing the supporting structures (arrows). f) Example application of integrating MNA-capillary assemblies with 
nanoinjector systems to facilitate MNA-mediated simultaneous, distributed microinjections of target fluidic substances/suspensions into brain tissue.
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dimensions of the overall batch resolved such that the print 
could be readily loaded into the multi-DiLL holder of the DLW 
system (Photonic Professional GT2, Nanoscribe GmbH, Ger-
many) (Figure S2, Supporting Information) to facilitate esDLW-
based 3D printing.

We designed the MNAs to include identical hollow 
microneedles—each with an ID of 30  µm, an OD of 50  µm, 
and a height of 550  µm—with needle-to-needle spacing of 
100  µm (Figure S3, Supporting Information). For the esDLW 

printing process, we initiated the print with 50 µm of overlap 
with the top surface of the capillary to ensure bonding at the 
interface. Computer-aided manufacturing (CAM) simulations 
and brightfield images of a corresponding esDLW process for 
printing the MNA directly onto a DLP-printed capillary are 
presented in Figure  2c,d, respectively (see also Movie S2, Sup-
porting Information). The total esDLW printing process was 
completed in ≈10  min. Following development, we retrieved 
target MNA-capillary assemblies from the batch by manually 
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Figure 2.  Fabrication results for DLP 3D printing of batch arrays of capillaries and esDLW-based printing of MNAs. a,b) DLP prints of batch arrays of 
capillaries. a) Photograph of a complete batch with nine arrayed capillaries. Scale bar = 5 mm. Inset shows two batches attached to the build plate 
directly after DLP 3D printing (see Movie S1 in the Supporting Information). b) Low-vacuum scanning electron microscopy (SEM) images of a repre-
sentative DLP-printed capillary attached to the batch via five connecting structures. Scale bars = 500 µm. c,d) The esDLW approach for printing MNAs 
directly onto DLP-printed capillaries in a single print run. c) Computer-aided manufacturing (CAM) simulations and d) corresponding images of the 
esDLW printing process. Scale bar = 250 µm (see Movie 2 in the Supporting Information). e–g) Low-vacuum SEM images of representative fabrication 
results showing: e) an esDLW-printed MNA atop a DLP-printed capillary following release from the batch array (see Movie S3 in the Supporting Informa-
tion); f) a magnified view of the MNA; and g) a magnified view of a single microneedle tip in the array. Scale bars = e) 250 µm, f) 100 µm, and g) 25 µm.
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severing the five connecting structures (Movie S3, Supporting 
Information). Images of the released MNA-capillary assem-
blies captured using low-vacuum scanning electron micros-
copy (SEM) revealed effective alignment and integration of the 
esDLW-printed MNAs with the DLP-printed capillaries, without 
any visible signs of physical defects along the MNA-capillary 
interface (Figure 2e). In addition, images of the esDLW-printed 
MNA and needle tips suggest that the manual release process 
did not appear to affect MNA integrity (Figure 2f,g).

2.2. In Silico and In Vitro Investigations of MNA Mechanical 
Performance

The critical first steps of MNA-based microinjection protocols 
involve the effective puncture and penetration into a target 
medium (e.g., biological tissue), which can impart significant 
mechanical forces on the microneedles.[66] Thus, the potential 
utility of MNAs is predicated on their ability to successfully 
withstand such mechanical loading conditions. To evaluate this 
capability for the esDLW-printed high-aspect-ratio MNAs, we 
employed both numerical and experimental approaches to elu-
cidate the mechanical performance of the MNAs. We performed 
finite element analyses (FEA) to provide insight into the mechan-
ical failure behavior of the MNAs when subjected to a compres-

sive load applied longitudinally with respect to the needles. The 
simulation results revealed that each arrayed microneedle exhib-
ited a buckling-like deformation with the largest displacements 
observed around the midpoint of the heights; however, needles 
positioned in the outer region (i.e., the needles radially arrayed 
farthest from the center of the MNA) displayed larger deforma-
tions compared to those located in the more central array posi-
tions (Figure 3a). This behavior arises from the load distribution 
caused by the disc-like base of the MNA, which deforms more in 
its central region than its peripherical region, thereby allowing 
the centrally located microneedles to rigidly displace more in the 
axial direction than their outer-region counterparts. According 
to the stress–strain curve generated from the FEA compressive 
loading simulations (Figure  3b), the overall MNA exhibited an 
effective Young’s Modulus (E) of 4.31  MPa and yield strength 
(σy) of 135 kPa. We also numerically modeled MNA mechanics 
associated with puncture into the brain tissue. By character-
izing the nonlinear response at the interface between the tips 
of the microneedles and the brain substrate, we found that the 
forces associated with the needles located in the outer region 
were larger than those in the central regions (Figure S4, Sup-
porting Information), which is in agreement with the compres-
sive loading analyses (Figure 3a).

To experimentally examine the mechanical performance of 
the esDLW-printed MNA, we conducted two sets of puncture 
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Figure 3.  Numerical and experimental results for MNA mechanical characterizations. a,b) Finite element analysis (FEA) results for a) microneedle 
deformations and b) stress–strain curve corresponding to MNA mechanics under compressive loading conditions. c,d) Experimental results for MNA 
compression testing. c) Sequential images of the MNA during axial compression test. Inset shows an SEM image of an MNA following compressive 
failure. Scale bars = 250 µm (see Movie S4 in the Supporting Information). d) Stress–strain curve generated from compressive loading experiments 
(n = 3 MNAs). e–g) Sequential images of representative MNA penetration and retraction operations corresponding to hydrogels with agarose concen-
trations of: e) 2.4%, f) 5%, and g) 10%. Scale bars = 500 µm (see Movie S5 in the Supporting Information).
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and penetration-associated studies. First, we performed axial 
compression tests with esDLW-printed MNAs (n  =  3), which 
revealed buckling-type deformations of the microneedles with 
increasing loading until complete mechanical failure (Figure 3c 
and Movie S4, Supporting Information). From SEM images 
of MNAs following compressive testing, we observed several 
cases of complete fracture, but the majority of the arrayed 
microneedles remained intact with the caveat that the tips and 
the overall shapes of the needles exhibited plastic deformation 
(Figure 3c, inset). Quantified results for the stress–strain rela-
tionships for the esDLW-printed MNAs revealed an average E of 
2.12 ± 0.35 MPa and σy of 155 ± 30 kPa (Figure 3d). Although 
these results provide insight into the upper boundaries of 
mechanical loading, compression testing using an impene-
trable plate is limited in its direct relevance to microinjection 
applications that rely on microneedle penetration into a target 
medium. Thus, we also investigated the capacity for the esDLW-
printed MNAs to puncture and penetrate into surrogate hydro-
gels with increasing concentrations of agarose that correspond 
to varying degrees of biologically relevant stiffness. In par-
ticular, we performed experiments with agarose concentrations 
of: i) 1.2% (E = 12.8 ± 1.1 kPa), which would support penetration 
into liver and breast tissue; ii) 2.4% (E = 27.5 ± 1.0 kPa), which 
is relevant to brain, heart, kidney, arterial, and prostate tissue; 
and iii) both 5% (E = 223 ± 14 kPa) and 10% (E = 268 ± 31 kPa), 
which are relevant to cartilage tissues (Figure S5, Supporting 
Information).[67–70] Experimental results revealed that the MNA 
successfully penetrated into the 1.2%, 2.4%, and 5% agarose 
gels; however, we observed buckling of the microneedles and 
failure to penetrate into the 10% agarose gel (Figure 3e–g and 
Movie S5, Supporting Information). These results suggest that 
the esDLW-printed MNA is sufficient for penetration into brain 
tissue as well as a variety of other tissues (e.g., liver, breast, 
heart, kidney, arterial, and prostate tissues), but alternative 
photomaterials (with stronger mechanical properties) and/or 
microneedles with geometrically enhanced strength (e.g., by 
increasing the OD) would be needed for microinjection appli-
cations involving target mediums with E in excess of 250 kPa.

2.3. In Vitro Microfluidic Interrogations of MNA-Capillary  
Interface Integrity

One of the most catastrophic failure modes for esDLW-based 
prints—whether for optical,[71] photonic,[72] mechanical,[73] or 
fluidic[63–65] structures—is the potential for the DLW-printed 
objects to detach from the meso/macroscale components on 
which they are additively manufactured. For biomedical MNA 
applications, the consequences of this type of failure could be 
particularly serious, such as an MNA detaching from the capil-
lary while embedded in brain tissue following microinjection. 
To investigate the potential for this failure mode and, in turn, 
provide insight into the mechanofluidic integrity of the inter-
face between the esDLW-printed MNAs and the DLP-printed 
capillaries, we performed microfluidic cyclic burst-pressure 
tests with the MNA-capillary assemblies. Initially, using an 
applied pressure set at 5  kPa, we gradually infused blue-dyed 
deionized (DI) water into the MNA-capillary assembly via 
the opposing end of the capillary (i.e., the side without the 

printed MNA) until the fluid began exiting the tips of the 
arrayed microneedles (Figure 4a and Movie S6, Supporting 
Information). Thereafter, we performed separate sets of cyclic 

Adv. Mater. Technol. 2023, 8, 2201641

Figure 4.  Experimental results for MNA microfluidic investigations.  
a) Sequential images during fluidic infusion. Scale bar = 500 µm (see Movie 
S6 in the Supporting Information). b–d) Quantified results for representa-
tive cyclic burst-pressure experiments (n =  100 cycles) corresponding to 
input pressures targeting: b) 100 kPa, c) 200 kPa, and d) 300 kPa.
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burst-pressure experiments (n = 100 cycles per experiment) cor-
responding to applied pressures set at 100, 200, and 300  kPa 
(Figure 4b–d). Throughout the burst-pressure testing, we moni-
tored the MNA-capillary interface under brightfield microscopy 
for visible signs of undesired leakage phenomena (e.g., fluid 
exiting at any point along the interface rather than out of the 
tops of the microneedle tips); however, we did not observe any 
instances of such flow behavior. Similarly, quantified results 
of fluid flow through the MNA-capillary assembly recorded 
during the burst-pressure tests did not exhibit any indications 
of burst events—i.e., large increases in flow rates after a certain 
point, despite the applied pressure remaining constant—nor 
signs of gradual leakage phenomena associated with the flow 
rates increasing from pressure cycle to pressure cycle over the 
course of the experiment. Rather, the flow rate magnitudes cor-
responding to the applied input pressures remained consistent 
throughout the burst-pressure experiments (Figure 4b–d), sug-
gesting uncompromised fluidic integrity of the MNA-capillary 
interface for all cases examined.

2.4. Ex Vivo Mouse Brain Studies of MNA Penetration,  
Microinjection, and Retraction Functionalities

As an exemplar with which to interrogate the penetration, 
microinjection, and retraction capabilities of the esDLW-printed 
MNAs, we excised brains with intact dura mater from eutha-
nized 6-month-old male mice (Wildtype C57BL/6  J, Jackson 

Laboratory) for experimentation ex vivo (Figure 5a). We per-
formed three sets of experiments to elucidate these funda-
mental MNA functionalities. First, we investigated the ability 
to execute penetration and retraction operations (but not fluidic 
microinjections) with the MNAs as critical measures of perfor-
mance with respect to three potential failure modes that would 
critically limit the efficacy of the esDLW-printed MNAs: i) the 
sharpness of the tips of the microneedles—governed by the 
resolution of the DLW 3D printer—is insufficient to puncture 
the brain tissue without inducing significant deformation of 
the brain; ii) the mechanical properties of the high-aspect-ratio 
microneedles lead to buckling and/or fracture of the micronee-
dles prior to effective penetration into the brain tissue; and/or 
iii) the forces during the penetration or retraction processes 
fracture the microneedles, causing microneedles (or fragments 
of microneedles) to remain embedded in the brain tissue after 
retraction completion. To facilitate the penetration and retrac-
tion studies, we interfaced each MNA-capillary assembly exam-
ined with a nanoinjector system fixed to a stereotactic frame 
as a means to enable precise position control while optically 
monitoring the MNA-brain tissue interactions. Experiments 
performed with three distinct MNA-capillary assemblies (n = 3 
penetration and retraction operations for each distinct MNA-
capillary assembly) revealed that the MNAs could successfully 
puncture the brain tissue within 1  mm of total displacement 
from initial contact and, importantly, without any visible signs 
of mechanical failure during any of the penetration or retraction 
operations (Figure 5b and Movie S7, Supporting Information). 

Adv. Mater. Technol. 2023, 8, 2201641

Figure 5.  Experimental results for ex vivo MNA penetration, microinjection, and retraction operations using an excised mouse brain. a) Experimental 
setup including the MNA-capillary assembly interfaced with a custom-built nanoinjector and an excised mouse brain on ice. b,c) Brain tissue puncture 
and retraction results. b) Sequential images of MNA insertion into (≤20 s) and retraction from (≥20 s) the brain tissue. Scale bar = 1 mm (see Movie S7 
in the Supporting Information). c) SEM image of the MNA after retraction from the brain tissue. Scale bar = 250 µm. d–f) MNA-mediated microinjection 
results. d) Sequential images of a representative MNA penetration, microinjection, and retraction process for a surrogate fluid (blue-dyed DI water) 
injected into brain tissue. Scale bar = 1 mm (see Movie S8, Supporting Information). e) Magnified view of the postinjection site. Scale bar = 250 µm. 
f) SEM image of the MNA following microinjection into the brain tissue. Scale bar = 250 µm.
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Images of the MNAs (captured after completion of the retrac-
tion process) corroborated these results, without any indica-
tions of microneedle-associated failure modes (e.g., buckling or 
fracture) or MNA detachment from the capillary (Figure 5c).

After validating the penetration and retraction capabilities, 
we then initially investigated the microinjection functionality of 
the MNAs based on the ability to deliver a surrogate microflu-
idic payload into the brain tissue. In this case, we preloaded the 
MNA-capillary assembly with blue-dyed (1.5% Evan’s Blue) DI 
water, and then interfaced the assembly with the nanoinjector 
(Figure  5a, expanded view) for control of both the MNA posi-
tion and fluidic microinjection dynamics. Although the results 
for the cyclic microfluidic burst-pressure experiments per-
formed in vitro (Figure 4b–d) suggested that the MNA-capillary 
interface should withstand the forces associated with microin-
jections into the brain tissue, we optically monitored the overall 
MNA-capillary assembly during the microinjection process for 
potential signs of undesired leakage via the interface. Akin to 
the tissue penetration and retraction studies, we used the stere-
otaxic frame to guide the descent of the MNA into the brain 
tissue (Figure 5d, top and Movie S8, Supporting Information). 
Following completion of the penetration process, we then 
used the pneumatically controlled nanoinjector to dispense 
the surrogate dyed fluid through the MNA-capillary assembly 

and, in turn, deliver the fluid into the brain tissue. Thereafter, 
we retracted the MNA from the brain (Figure 5d, bottom and 
Movie S8, Supporting Information), and then washed the sur-
face of the injection site with phosphate buffered saline (PBS) 
to eliminate any residual surrogate fluid from the surface, such 
that the only remaining fluid was located beneath the tissue 
surface (Figure 5e). Throughout the microinjection process, we 
did not observe any undesired leakage phenomena (Movie S8, 
Supporting Information), with optical characterizations of the 
postinjection site indicating effective, distributed MNA-medi-
ated delivery of the surrogate fluid well below the surface of 
the excised brain (Figure 5e). Furthermore, SEM images of the 
MNA-capillary assembly following tissue penetration, fluidic 
microinjection, and retraction revealed uncompromised struc-
tural integrity (Figure 5f).

Lastly, we evaluated the microinjection performance of 
the esDLW-printed MNA compared to a conventional needle 
(Hamilton 33G) widely used for delivering therapeutics into 
brain tissue.[74] In this case, we used a suspension of fluo-
rescently labeled nanoparticles (100  nm in diameter) as the 
surrogate microfluidic payload. As an initial positive experi-
mental control for the esDLW-printed MNA, we performed 
microinjections (n  =  3  MNAs) of the nanoparticle suspen-
sion into 0.6% agarose gel in vitro (Figure 6a and Movie S9,  

Adv. Mater. Technol. 2023, 8, 2201641

Figure 6.  Experimental results for microinjections of fluorescent nanoparticles a–d) in vitro in 0.6% agarose gels and e–k) ex vivo using excised 
mouse brains. a) Sequential images of nanoparticle microinjection and retraction. Scale bar = 250 µm (see Movie S9 in the Supporting Information). 
b,c) Fluorescence images of the postinjection site captured using b) two-photon and c) widefield fluorescence microscopy. Scale bars =  250 µm.  
d) Mean fluorescence intensities of injection sites corresponding to microneedles in distinct array regions (n = 3 MNAs). Error bars = S.D. e) Sequential 
images of a representative MNA penetration, microinjection, and retraction process for a suspension of fluorescent nanoparticles injected into brain 
tissue. Scale bar = 1 mm (see Movie S10 in the Supporting Information). f–k) Postinjection results for fluorescent nanoparticles delivered via f–h) a 
conventional Hamilton 33G needle, and i–k) an esDLW-printed MNA. f,g,i,j) Fluorescence images of the postinjection site captured using two-photon 
fluorescence microscopy visualized in f,i) side and g,j) cross-sectional views. Scale bars = 250 µm. h,k) Quantified fluorescence intensities along the 
length of the corresponding cross-sectional views of the postinjection sites.
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Supporting Information) and visualized the particle distribu-
tions using two-photon (Figure  6b S10) and widefield fluores-
cence microscopy (Figure  6c). We observed injected nanopar-
ticles corresponding to each microneedle in the array—which 
included one microneedle in the center of the array, six needles 
arrayed radially in a middle region (150  µm from the center), 
and six needles arrayed radially in an outer region (260  µm 
from the center)—but to determine if microneedle array posi-
tion influenced injection behavior, we analyzed the fluorescence 
intensities associated with each arrayed needle. Quantified 
results revealed that the fluorescence intensities were statisti-
cally indistinguishable, with no discernable difference for the 
microneedle injection sites between the center and either the 
middle (p = 0.66) or outer regions (p = 0.61), nor between the 
middle and outer regions (p = 0.72) (Figure 6d). Thereafter, we 
performed microinjections of the nanoparticle suspension into 
excised mouse brains using both the conventional needle and 
the esDLW-printed MNA (Figure 6e and Movie S10, Supporting 
Information). Two-photon fluorescence images of the injection 
sites revealed stark differences in the nanoparticle distributions 
associated with each needle system. In the conventional needle 
case, the nanoparticles accumulated tightly within the single 
needle track (Figure 6f,g). For example, quantified fluorescence 
intensity results revealed that the majority of the fluorescence 
signal was detected within an ≈150  µm region (Figure  6h). 
In contrast, MNA-associated microinjection sites exhibited a 
more homogeneous distribution of injected nanoparticles over 
a larger area (Figure  6i,j)—with particles detected at sites cor-
responding to each arrayed microneedle—resulting in a more 
consistent fluorescence signal along the length of the injection 
site (Figure 6k). These results suggest that MNAs offer an effec-
tive means to distribute fluidic payloads more uniformly over a 
larger area compared to conventional single-needle systems. In 
combination, these experimental results for MNA penetration, 
surrogate fluid/suspension delivery, and retraction functionali-
ties using an ex vivo mouse brain provide an important founda-
tion for the utility of the presented hybrid DLP-DLW-enabled 
MNAs for microinjection applications.

3. Conclusions

Microneedle-based microinjection protocols are essential to 
wide-ranging fundamental research and clinical applications 
across biological and biomedical fields, with MNAs providing 
numerous benefits over their single-needle counterparts in 
many scenarios.[75–77] Unfortunately, manufacturing-associ-
ated limitations have heretofore impeded researchers from 
leveraging the potential benefits of high-density MNAs com-
prising hollow, high-aspect-ratio microneedles at small length 
scales.[78–80] In this work, we introduced the concept of using 
esDLW to 3D print MNAs directly atop DLP-printed capil-
laries in batch arrays and demonstrated this approach by fab-
ricating arrays of 50  µm OD, 30  µm ID, 550  µm tall hollow 
microneedles with 100  µm needle-to-needle spacing. Because 
the presented strategy is founded on two additive manufac-
turing technologies, the inherent geometric versatility can be 
harnessed to tailor both the DLP-printed capillaries and the 
esDLW-based MNAs to target experimental setups and applica-

tions. For the DLP-printed capillary, the shape and size need 
not be uniform along the length of the capillary as is the pre-
dominant case for conventional and/or commercially available 
fluidic capillaries. Here, for instance, we designed the OD of 
the base of the capillary to yield facile, direct integration with 
the nanoinjector, thereby circumventing the need for addi-
tional fluidic adapters or sealants. Similarly, although the pre-
sented design for the esDLW-printed MNAs included identical 
microneedles with dimensions based on a specific exemplar—
i.e., fluidic microinjection into the cerebral cortex of a mouse 
brain—the high architectural control and submicrometer-scale 
resolution of DLW can be leveraged to customize the size, 
shape, and position of each individual microneedle in an array 
as desired (Figure S4, Supporting Information). For example, 
future efforts could increase the microneedle heights sub-
stantially to target different regions of the brain and/or addi-
tional animal models. Conversely, while this work centered 
on printing hollow microneedles (with 30 µm IDs) to support 
fluidic delivery operations, given the recent developments for 
the utility of solid MNAs in other cases, the presented strategy 
could also be extended to print MNAs composed of solid 
microneedles, such as those fabricated using DLW-compatible 
biodegradable materials,[81,82] or potentially hybrid MNAs that 
comprise both hollow and solid microneedles.

The presented strategy also provides an important founda-
tion for future academic and industrial translation through four 
pathways. First, in contrast to prior esDLW efforts, DLP-printing 
of the batch arrays of fluidic capillaries allows for facile loading 
into the DLW 3D printer, obviating the need for custom-built 
capillary holders as well as the time- and labor-intensive pro-
tocols required to manually load each individual capillary into 
such holders. Furthermore, because each capillary is printed 
in a designated array position with specified orientations, the 
setup for initiation of the esDLW-printing process is minimized, 
which could provide a promising avenue  to scalable and auto-
mated production. Second, although we employed a layer-by-
layer DLP printer to manufacture the batch arrays of fluidic cap-
illaries, numerous vat photopolymerization approaches could 
be used instead to increase production speed, including con-
tinuous liquid interface production to print parts in minutes[83] 
and various volumetric 3D printing strategies to fabricate parts 
in tens of seconds.[84–86] Third, for esDLW-based printing of 
the MNAs, while the voxel size remained constant throughout 
the printing process with a scan speed of ≈120 mm s−1, future 
efforts can harness recent advancements for state-of-the-art 
DLW printers that can not only dynamically tailor the size of 
the voxel to target features but also allow for scan speeds up 
to 1,250 mm s−1 (e.g., with 5× objective lens configurations) in 
order to dramatically enhance print efficiency and speed. Lastly, 
recent improvements in the available build area for commer-
cial DLW printers could be extended to print multiple MNAs 
simultaneously in a single pass (in contrast to the serial MNA 
printing strategy reported here), which would further increase 
the attainable production volume.

The numerical and experimental mechanical characteriza-
tions of the esDLW-printed MNA suggest that, in addition to 
brain tissue, the MNA described in this work could be used 
to facilitate microinjections for a wide range of additional bio-
logical tissues, including those associated with the liver, breast, 

Adv. Mater. Technol. 2023, 8, 2201641
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heart, kidney, veins, arteries, and prostate.[67–70] For future 
efforts based on different injection targets with higher stiffness 
(e.g., E > 250 kPa), however, the inability of the presented MNA 
to successfully penetrate into the 10% agarose gel indicates 
that, for the current design, alternative photomaterials should 
be used for esDLW-based printing. In particular, researchers 
have reported DLW-compatible fused silica glass-based photo-
materials,[87] which are now available commercially and would 
provide an order of magnitude increase in E of the fabricated 
MNAs. Alternatively, while we designed each microneedle with 
10-µm-thick walls and 50  µm ODs, both dimensions could 
be readily increased to improve the mechanical strength. For 
excised mouse brains specifically, the ex vivo investigations in 
the current study revealed effective MNA-mediated penetration, 
microinjection, and retraction operations without any instances 
of microneedle-associated mechanical failures (e.g., buckling 
or fracture). In addition, throughout both in vitro microfluidic 
cyclic burst-pressure characterizations (with applied pressures 
in excess of 250 kPa) and ex vivo brain tissue experiments, the 
MNA-capillary interface exhibited consistent fluidic integrity, 
without any signs of undesired leakage phenomena or MNA 
detachment from the capillary.

We envision that future efforts could extend the methodology 
reported here to achieve novel MNA designs that remediate 
the deficits of single-needle injection strategies by expanding 
the delivery range via simultaneous, distributed microinjec-
tion. For example, as both in vitro and ex vivo experiments 
for MNA-mediated microinjections of nanoparticle suspen-
sions revealed homogeneous distributions of implanted par-
ticles, such capabilities could offer new means to address the 
cell crowding challenges of SCT associated with single-needle 
delivery systems that contribute to low cell viability and, thus, 
limited therapeutic efficacy.[88–91] Such a pathway to improved 
SCT could hold distinctive promise for treating a diversity of 
medical conditions and neurodegenerative diseases, but further 
studies are needed to explore the potential for MNAs at this 
scale to enhance therapies that rely on fluidic microinjections—
not only for stem cells, but also additional therapeutic payloads 
(e.g., growth factors and viruses for gene therapy)—into the 
brain. Nonetheless, given the vast diversity of scientific and 
clinical applications that are founded on microinjections and/
or microneedles, the presented hybrid additive manufacturing 
strategy offers unique potential as an enabling technology for 
realizing entirely new classes of MNAs to advance scientific dis-
covery and promote human health and well-being.

4. Experimental Section
Batch Capillary Array Fabrication via DLP 3D Printing: The computer-

aided design (CAD) software, SolidWorks (Dassault Systèmes, France), 
was used to generate models of batch arrays of capillaries (Figure S1, 
Supporting Information). Models were exported as STL files and then 
imported into the CAM (slicer) software for the Miicraft M50 DLP 3D 
printer (CADworks3D, Canada) to define the print parameter settings 
(Table S1, Supporting Information). The batch capillary arrays were DLP-
printed using Clear Microfluidics Resin V7.0a (CAdworks3D) with the 
layer height set to 50 µm. Following the DLP printing process, the build 
plate was removed and the prints were manually detached from the 
build plate using a razor blade. The prints were developed in methanol 
for ≈10  s and then methanol was perfused through each capillary to 

eliminate any residual resin from the interiors. After one additional rinse 
with methanol, the prints were washed with 90% isopropyl alcohol (IPA). 
The prints were then dried with pressurized air and postcured under UV 
light for 20 s (flipping the device after 10 s to cure both sides equally).

MNA Fabrication Atop the Capillaries via esDLW: The microneedle 
arrays—modeled using SolidWorks (Dassault Systèmes)—were designed 
with identical needles (ID = 30 µm; OD = 50 µm; height = 550 µm) and 
arrayed with 100  µm needle-to-needle spacing (Figure S3, Supporting 
Information). MNA models were exported as STL files and then imported 
into the CAM software, DeScribe (Nanoscribe), to define the print 
parameter settings (Table S2, Supporting Information), which included a 
hatching distance of 800 nm and a layer height of 2.5 µm. Initially, IP-Q 
photoresist (Nanoscribe) was dispensed directly atop the DLP-printed 
capillaries and the batch was then loaded into the Nanoscribe Photonic 
Professional GT2 DLW 3D printer (Figure S2, Supporting Information). 
For esDLW printing, the dip-in laser lithography (DiLL) mode was used 
with a 10× objective lens, a laser power of 27.5 mW, and a laser scanning 
speed of 120 000  µm  s−1. The printing process was initiated with 
50  µm of overlap with the top capillary surfaces. Following the esDLW 
process, the batch assembly (with MNAs printed atop the capillaries) 
was removed from the DLW printer for development. The prints were 
developed using propylene glycol monomethyl ether acetate (PGMEA) 
for 30 min and IPA for 5 min, and then dried using a gentle stream of N2 
gas. Individual MNA-capillary assemblies were removed from the batch 
by manually severing the five connecting structures arrayed radially 
around each capillary (Movie S3, Supporting Information).

Finite Element Analysis (FEA): Numerical simulations of the MNA 
compression test were performed using the commercially available 
software, ABAQUS/Standard (Abaqus Inc., Palo Alto, CA). Initially, the 
complete 3D CAD model of the MNA (i.e., including both the base and 
needles) was imported into the FEA software, and then the distinct 
material properties were set. Specifically, the MNA was modeled as a 
linear elastic homogeneous material (E  =  250  MPa; ν  =  0.49). The 
mesh was constructed using four-node, linear, 3D-stress-tetrahedra 
elements (ABAQUS element type C3D4H), and the accuracy was verified 
by mesh convergence. During all studies, the circular bottom surface 
orthogonal to the loading direction was modeled to be perfectly fixed. 
A static analysis (*STATIC step with NLGEOM = ON in ABAQUS) 
was conducted to characterize the nonlinear response and loaded the 
structure by linearly increasing the applied tip force. To characterize 
the nonlinear response at the interface between the needle tips and 
the brain substrate, the bottom surface of the cylinder mimicking the 
brain sample was modeled to be fully clamped while a displacement 
was applied to the MNA’s cylindrical base. A surface-to-surface contact 
was defined between the brain substrate and the MNA needle tips. 
Both tangential and normal contact behaviors were defined. The MNA 
was modeled as a linear elastic homogeneous material, while the brain 
substrate was modeled as a hyperelastic Neo-Hookean material. To 
characterize the nonlinear response at the interface between the needle 
tips and the brain substrate, a dynamic implicit analysis (*DYNAMIC 
step with NLGEOM = ON in ABAQUS) was conducted.

MNA Mechanical Characterization: Mechanical testing on the MNAs 
was conducted using a Q800 Dynamic Mechanical Analysis (DMA) 
system (TA Instruments, New Castle, DE) equipped with a compression 
clamp. Samples were compressed at a rate of 0.1 N min−1 until the failure 
was confirmed via optical microscopy. Values for E and σy of MNAs were 
calculated from the linear region of the resulting stress-strain curve. 
To evaluate the puncture ability of the MNAs, hydrogels with different 
stiffness were prepared by mixing agarose gel powder in 1% PBS (Sigma-
Aldrich, Saint Louis, MO) at four different concentration levels: 1.2%, 
2.4%, 5%, and 10%. The solutions were heated to a boiling temperature 
and then cooled down until the hydrogels were set at room temperature. 
Before each MNA puncture, the top surface of the hydrogel was rinsed 
with PBS. The MNA was mounted on a stereotaxic manipulator, slowly 
inserted into the hydrogel samples, and optically monitored for any 
signs of failure.

Microfluidic Cyclic Burst-Pressure Experimentation: Microfluidic testing 
was performed using a Fluigent Microfluidic Control System and 

 2365709x, 2023, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

t.202201641 by U
niversity O

f M
aryland, W

iley O
nline L

ibrary on [04/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.advmattechnol.de

© 2023 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH2201641  (11 of 13)Adv. Mater. Technol. 2023, 8, 2201641

flow-rate platform coupled with OxyGEN software (Fluigent, France). DI 
water was inputted via fluidic tubing and stainless-steel catheter couplers 
(20G, Instech, Plymouth Meeting, PA) connected to the opposing end 
of the capillaries (i.e., without a printed MNA). Three separate sets of 
cyclic burst-pressure experiments were performed corresponding to 
applied pressures programmed at 100, 200, or 300 kPa for 2 s, but then 
set to 0 kPa for 2 s after each pressure increase for all cases. Each set 
of experiments was performed for 100  cycles while the MNA-capillary 
interface was optically monitored using an inverted microscope (Motic) 
connected to a charge-coupled device (CCD) camera (Motic). Both input 
pressure and flow-rate data were recorded using the Fluigent system. 
All experiments were conducted under room temperature environment 
(20–25 °C).

Ex Vivo Mouse Brain Extraction and Experimentation: Brain tissues 
excised from 6-month-old male mice (Wild-type C57BL/6  J, Jackson 
Laboratory) were used for all ex vivo experiments. Each brain with an 
intact dura mater was excised within 10  min of euthanasia and stored 
in cold PBS on ice prior to testing. To maintain tissue integrity, the 
tissue samples were handled gently before and during the experiment. 
Each MNA-capillary assembly was interfaced with a custom-built 
nanoinjector (Narishige) and mounted on a stereotax with a digital 
display (#68807,  RWD, China) to control the displacement and 
perform microinjections. In  separate  experiments, blue-dyed water 
and green fluorescent nanoparticles (505/515, 100 nm diameter, 
#F8803,  Thermofisher)  diluted  with  PBS were injected into the freshly 
dissected mouse cerebral cortex (or agarose gel) using either an MNA-
capillary assembly connected to a micromanipulator (#MO10, Narishige) 
or a Hamilton syringe with a 33G needle connected to a motorized pump 
(#78–8130, KD Scientific, Holliston, MA). The injection depth was 500 µm  
with an extra 200 µm overshoot. The injection duration was ≈2 min for 
both MNA and Hamilton syringe-mediated injections. After injection 
with fluorescent nanoparticles, the fresh mouse brains were fixed with 
4% paraformaldehyde for 2 d, rinsed, and mounted on glass slides for 
imaging under a two-photon microscope. These studies were performed 
in accordance with the National Institutes of Health (NIH) Guide for 
Care and Use of Laboratory Animals and the University of Maryland, 
School of Medicine, Animal Care and Use Committee.

Optical Characterizations: SEM images were captured using a TM4000 
Tabletop SEM (Hitachi, Tokyo, Japan) under low vacuum, which allowed 
for imaging of uncoated samples. The mechanical tests were recorded 
using a Monocular Max 300× microscope objective and a 41MP USB 
C-Mount Industry Microscope Camera Set (Hayear Electronics Co. Ltd., 
Shenzhen, China). Brightfield microscopy during microfluidic testing 
was performed using an inverted microscope (Motic AE31, Motic, 
Canada) connected to a CCD camera (Moticam Pro 285B, Motic). For 
ex vivo microinjection experiments, the injection process was recorded 
using the Monocular microscope while the fluorescent images of the 
top view of the gel injection site were captured using a DMi8 automated 
fluorescence microscope (Leica Microsystems, Wetzlar, Germany). The 
3D stack images of the injection sites were acquired using the Modular 
In Vivo Multiphoton Microscopy System designed by Janelia Research 
Campus, Howard Hughes Medical Institute. A 900  nm laser (≈5  mW) 
was used for excitation of the green fluorescent nanoparticles. The 
3D stacks from the top of the brain to the bottom of the needle track 
were acquired at a step size of 2  µm under a water-immersion 25× 
objective (numerical aperture of 1.05, Olympus). Fluorescence emission 
was collected by two GaAsP photomultiplier tubes after being split by 
a dichroic mirror (560  nm, T560pxrxt, Chroma) with an emission filter 
green (510/84 nm, 84–097, Edmund) fluorescence. A similar acquisition 
setting was used for imaging the needle tracks in hydrogels injected with 
the fluorescent nanoparticles. Fluorescence images were processed and 
visualized with ImageJ (NIH, Bethesda, MD). BigDataViewer was used 
to adjust the tilting angle of the 3D stack for optimized visualization. For 
comparisons of needle-to-needle injection sites within the MNAs as well 
as injection distributions between the MNA and Hamilton injections, 
ImageJ was used to quantify the fluorescence intensities.

Statistical Analysis: Statistical significance was quantified via unpaired 
Student’s t-tests, with two-tailed p values greater than 0.05 considered 

statistically indistinguishable. A minimum of three samples were used to 
quantify any means reported, with data presented in the text as mean ± 
standard deviation (S.D.).
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