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G o W N

Abstract: The constructs of lipid molecules follow self-assembly, driven by intermolecular interactions,
forming stacking of lipid bilayer films. Achieving designed geometry at nano- to micro-levels with
packing deviating from the near-equilibrium structure is difficult to achieve due to the strong
tendency of lipid molecules to self-assemble. Using ultrasmall (<fL) droplets containing designed
molecules, our prior work has demonstrated that molecular assembly, in principle, is governed mainly
by transient inter-molecular interactions under their dynamic spatial confinement, i.e., tri-phase
boundaries during drying. As a result, the assemblies can deviate, sometimes significantly, from the
near-equilibrium structures of self-assembly. The present work applies the approach and concept to
lipid molecules using 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC). Taking advantage
of the high spatial precision and the minute size of the delivery probe in our combined atomic force
microscopy and microfluidic delivery, the transient shape of each liquid droplet is regulated. In
doing so, the final geometry of the POPC assemblies has been regulated to the designed geometry
with nanometer precision. The results extend the concept of controlled assembly of molecules to
amphiphilic systems. The outcomes exhibit high potential in lipid-based biomaterial science and
biodevice engineering.

Keywords: controlled assembly; atomic force microscopy (AFM); lipid; 1-palmitoyl-2-oleoyl-sn-
glycero3-phosphocholine (POPC); 3D nanoprinting

1. Introduction

Lipid constructs at the nano- to micro-scale are of scientific as well as technological
significance [1,2]. Local lipid structures in cell membranes impact cellular signaling and
communication processes [1,3,4]. Lipid assemblies at the mesoscale have also revealed
new structural characteristics and phase behavior [5-8]. Due to high biocompatibility,
flexibility, and biodegradability, lipid assemblies have been widely used in drug delivery [9],
biosensing [10,11], and, as key components, biomaterials [12-14]. The high stability of many
lipid assemblies leads to applications in modern biodevices, as well as on-chip assays [15].

Engineering lipid constructs are typically based on self-assembly, e.g., using drop-
casting [16], Langmuir-Blodgett (LB) techniques [17,18], or vesicle fusion [19]. These
methods have the advantages of simplicity of operation and relatively high throughput.
Principle limitations include difficulties in miniaturizing into nano- and micro-scales and
broad distribution of feature size and shapes. Since molecular packing is mainly dependent
on the self-assembly of lipid molecules due to their strong inter-molecular interactions, it
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is difficult to produce off-equilibrium structures by design with nanometer precision [20].
The need for miniaturing lipid constructs by design sparks alternative approaches such
as atomic force microscopy (AFM)-based nanografting [21], dip-pen nanolithography
(DPN) [22-25], and microcontact printing (LCP) [26,27], all of which are intrinsically 2D
nanolithography. Layer-by-layer delivery into 3D constructs by design remains challenging
using these 2D-based technologies, mainly due to the difficulty in attaining inter-layer
registry and accurate delivery at the nanometer scale.

Recently, the concept of “controlled assembly of molecules” was introduced by our
team to address those challenges [28]. A state-of-the-art, combined AFM and microfluidic
delivery system was used to deliver ultrasmall droplets onto designated surfaces, as
illustrated in Figure 1A [28-31]. The AFM setup differs from conventional AFMs in
that layer-by-layer delivery with nanometer precision is enabled [29,32,33]. A separately
controlled z-movement in conjunction with a small microfluidic delivery probe enables the
delivery of liquid droplets as small as 0.4 attoliters (aL) [28,34,35]. Ultrafast evaporation
and spatial confinement by small droplets are keys to controlling the assembly of solute
molecules. The rapid evaporation locks solute molecules in their transient locations, leading
to features with locally driven geometries [28,29]. The concept of controlled assembly of
molecules has been demonstrated in our previous work via the formation of various
assemblies of star polymers and fluorenyl methoxycarbonyl (Fmoc)-tagged heparosan
tetrasaccharide (referred to as “heparosan”) [28,29]. Star polymers exhibited repulsive
intermolecular interactions [28], and heparosan had a weak intermolecular attraction in
solutions [29]. Therefore, the assembly of these molecules was primarily dictated by the
transient dynamic factors, such as the spatial confinement of the ultrasmall droplet during
drying. Lipid molecules, in comparison, are amphiphilic with a stronger tendency than
prior systems to self-assemble, e.g., forming bilayers or a bilayer stack due to strong
intermolecular interactions (e.g., free energy barrier ~23 kJ/mol for water permeation) [36].
Thus, a fundamental question remains whether this approach could be utilized to control
the assembly of lipid molecules, i.e., if the dynamic confinement and rapid evaporation
could impact or overcome the intermolecular interactions and dictate lipid assemblies.
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Figure 1. (A) Schematic diagram of a combined AFM with a microfluidic delivery probe. (B) A
schematic illustrates the capability of moving the probe following a designed trajectory during the
delivery and drying of a single droplet.

This work applies the concept and technology of controlled assembly of molecules to
lipid molecules, using 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC). POPC
represents a phospholipid that is commonly used in biochemical and biophysical research
due to its natural abundance in cell membranes [37,38], taking advantage of the high
spatial precision and the minute size of the delivery probe tip in a combined atomic force
microscopy and microfluidic system (Figure 1A). A similar combination has been reported
previously to produce 3D lipid patterns, including pure and composite lipid constructs
(lipid inlaid with cholesterol) [32,39,40]. The size of the 3D construct depends on the
delivery conditions, such as contact time, probe dimension, and delivery pressure [32,39].
Complimentary to these prior efforts, this work regulates the transient shape of the liquid
droplet by dynamic tip movement upon dispensing and during drying, as illustrated in
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Figure 1B. In doing so, the shape of the final POPC assembly can be regulated to designed
geometries with nanometer precision in all three dimensions. In contrast to our prior
approach of controlled assembly of molecules [28-31], which delivered a liquid droplet
and let it naturally dry, this work actively perturbs the transient geometry of the liquid
droplet during drying, thus enabling structures beyond surface-tension-driven shapes, as
the final assembly of POPC is dictated by the transient location of individual molecules and
their local environments at the moment of drying. These results validate and extend the
concept of “controlled assembly of molecules” to amphiphilic systems. The outcomes pave
the way for the 3D nanoprinting of lipids and the engineering of lipid-based biomaterials
and nanobiodevices.

2. Materials and Methods
2.1. Materials and Supplies

Glass slides and glass coverslips were purchased from Fisher Scientific (Pittsburgh,
PA, USA). Reagents were used without further purification. Glycerol (>99%), sulfuric
acid (H2S04, 95.0-98.0%), hydrogen peroxide (H,O,, 30% aqueous solution), ammonium
hydroxide (NH4OH, 28.0-30.0% aqueous solution), and chloroform (99.8%) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Octadecyltrichlorosilane (OTS) was
purchased from Gelest (Morrisville, PA, USA). Ethanol (200 Proof pure ethanol) was pur-
chased from Koptec (King of Prussia, PA, USA). Milli-Q water (MQ water, 18.2 MQ)-cm
at 25 °C) was produced by a Milli-Q water purification system (EMD Millipore, Billerica,
MA, USA). Nitrogen gas (99.999%) was purchased from Praxair, Inc. (Danbury, CT, USA;
King of Prussia, PA, USA). 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (NBD-
PE) were purchased from Avanti Lipids, Inc. (Alabaster, AL, USA). The sterile specimen
containers (REF354014) were purchased from Corning (NY, USA).

2.2. Preparation of Self-Assembled Monolayers on Glass and Probe Surfaces

Two surface classes were used as support for this work: clean and modified glass
coverslips. Clean coverslips were first cleaned with ethanol, then water, followed by
plasma treatment for five minutes with a plasma cleaner (PDC-32G, Harrick Plasma, Ithaca,
NY, USA). Clean coverslips were used for sample preparation immediately after plasma
treatment. To prepare the modified cover slips, e.g., OTS self-assembled monolayers
(SAMs) on glass coverslips, the glass coverslips were first cleaned following established
protocols [28,41-45]. Briefly, the glass coverslip was cleaned by first soaking them in piranha
solution (H,SO4:H,O, = 3:1 v/v) for 1 h. The coverslips were then rinsed with copious
amounts of MQ water before being soaked in a basic bath, which contained NH,OH, H,O,,
and MQ water at a ratio of 5:1:1 (v/v/v) for 1 h in an oven (VMR Scientific Products,
Tempe, AZ, USA) heated to 70 °C. Finally, the clean glass coverslips were rinsed again with
a copious amount of MQ water and dried using nitrogen gas. The OTS self-assembled
monolayers (SAMs) on clean glass coverslips were prepared shortly before use. Briefly, the
clean glass coverslips were placed into a sealed specimen container (100 mL) containing
225 pL of OTS and heated at 70 °C in the oven for 2 h. The modified coverslips were rinsed
with ethanol and dried in nitrogen gas.

The OTS-coated probe was prepared by first plasma-cleaning a new FluidFM nanopipette
(Cytosurge, Glattbrugg, Switzerland) for 1 min; then the probe was placed into a sealed
specimen container (100 mL) containing 150 pL of OTS and heated in the oven at 70 °C for
1 h. This protocol yields a self-assembly monolayer of OTS on silica surfaces, including
glass slides and silicon wafers [29,42,43,45].

2.3. Contact Angle Measurements

Contact angles were measured using a VCA Optima Contact Angle Measurement Sys-
tem (AST Products, Billerica, MA, USA), following well-established protocols [28,29,46—48].
A total of 3 pL of designated liquid was dispensed on the surface using a high-performance
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liquid chromatography (HPLC) needle (700 series, Hamilton Co., Reno, NV, USA). At least
three different locations per sample were measured to ensure consistency and reproducibility.

2.4. Combined Atomic Force Microscopy and Microfluidic Delivery

The delivery process was carried out by using a FluidFM BOT (Cytosurge, Glat-
tbrugg, Switzerland), an Atomic Force Microscopy (AFM)-based microfluidic delivery
platform [33,49]. Key components include an inverted optical microscope (IX-73, Olympus
America, Center Valley, PA, USA), a nanopipette with a 300 nm opening connected to the
material reservoir, control units for AFM probe contact and positioning, as well as material
delivery (pressure ranging from —800 mbar to 1000 mbar, and precise millisecond-level con-
trol of contact time) [39,49-51]. The long-range XY-stage has a movable X range of 240 mm
and Y range of 74.5 mm, with absolute stage repeatability down to 500 nm [32,49,52]. This
setup can accommodate a wide range of materials, from genuine solutions to glue-like
materials [28,29,52]. After delivery, the samples are kept in a clean environment and under
ambient laboratory conditions for storage until characterization. The laboratory temper-
ature and humidity are controlled at 22.5 £ 0.5 °C and 40 £ 2%, measured by a digital
hygrometer (TP50, ThermoPro, Duluth, GA, USA), respectively.

2.5. Atomic Force Microscopy Imaging

The POPC constructs were left to air dry and imaged on an AFM (MFP-3D, Oxford
Instrument, Santa Barbara, CA, USA). Microfabricated silicon nitride probes (MSNL-10 E,
Bruker, Camarillo, CA, USA) were used to characterize the lipid structures produced in
this work. Images were acquired using tapping mode with 60-78% damping [29,32,53].
Imaging processing, analysis, and display were carried out using the MFP-3D software
developed on the Igor Pro 6.20 platform (WaveMetrics, Lake Oswego, OR, USA).

2.6. Laser Scanning Confocal Microscopy Imaging

A laser scanning confocal microscope (FV-1000, Olympus America, Center Valley,
PA, USA) was utilized. A 10x bright field objective was used for visualizing the lipid
patterns. Argon laser excitations at 458 nm and 535-635 nm emission windows were
utilized to collect the NBD-PE fluorescent signal [54]. The images were taken at 10 ps/pixel
scanning speed and 800 x 800 pixels in each image. Imaging processing and display were
performed using the FV10-ASW Viewer software (Ver. 4.2b, Olympus America, Center
Valley, PA, USA).

3. Results and Discussion
3.1. Control Ouver the Shape of Individual Lipid Constructs

Figure 2 reveals that symmetric shapes of lipids can be constructed by varying initial
delivery conditions, e.g., droplet shape and size, concentration of POPC, and solvo-philicity
of the surface. To prepare the lipid stock solutions, POPC was first dissolved in chloroform
in preparation for a POPC stock solution of 3.3 x 10~2 M. NBD-PE stock solution was
made by dissolving NBD-PE in chloroform at a concentration of 5.2 x 1073 M. 39.5 uL of
POPC stock solution and 2.5 ul. NBD-PE stock solution were then mixed, and the mixture
was then dried in nitrogen atmosphere, resulting in a yellow-colored POPC/NBD-PE
solid mixture. Immediately before each delivery experiment, the POPC/NBD-PE mixture
was redissolved in 40 pL of a mixed solvent, ethanol:glycerol (v:v = 9:1), reaching a final
concentration [POPC] = 3.3 x 1072 M, [NBD-PE] =3.3 x 10~* M, i.e., dye:POPC = 1:100.
A plasma-cleaned glass slide was used, whose contact angle measured as near zero for
the POPC solutions. Delivery was carried out at extrusion pressure p = 10 mbar and
contact duration t = 10 ms, with contact force F = 49 nN. A 3 x 3 array was first produced.
Figure 2A reveals an example in which POPC molecules assembled into a disk with a
diameter of 1.66 & 0.02 um and height of 39.2 £ 0.8 nm. The disk shape is consistent
with the mechanism of constant-area evaporation due to the solvo-philic nature of the
surface [28,55-57]. In the constant-area evaporation-driven molecular assembly, the disk
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diameter is defined by the diameter of the interfacial circle of the original droplet, which
adopted a spherical cap geometry. During the evaporation, inter-molecular interactions
dictate the outcome of lipid packing within the feature, i.e., bilayers stacking atop each
other, as illustrated in Figure 2B. The high solute concentration and sufficient time of
interactions ensured inter-molecular interaction-driven outcomes. The robustness was
demonstrated by forming wider and taller lipid disks using longer delivery time and higher
extrusion pressure. For instance, under p = 300 mbar and t = 10 ms, POPC disks measured
2.52 & 0.07 pm in diameter and 174 4 0.7 nm in height (Figure S1). Extending t = 500 ms,
larger POPC disks were generated, 7.12 &= 0.12 um in diameter and 275 £ 10 nm in height
(Figure S1).

400 nm|| B

D
400 nm || F
0
G 400 nm ||H

-

l Solvo-phobic surface I

Figure 2. (A) A 3D display of an AFM topographic image of a POPC disk. (B) Schematic diagram
illustrating the formation of (A), following a constant-contact area evaporation-driven assembly of
POPC in a surface-supported droplet. (C) A 3D display of an AFM topograph of a lipid spherical cap.
(D) Schematic diagram illustrating the formation of (C), following constant-contact area evaporation
and trapping of POPC molecules under spatial confinement. (E) A 3D display of an AFM topographic
image of a POPC “brimmed cap”. (F) Schematic diagram illustrating the formation of (E). (G) A
3D display of a lipid “frustum”. (H) Schematic diagram illustrating the formation of (G) under
constant-contact-angle evaporation. Lateral scale bar = 2 um.

Figure 2C shows a POPC construct with a spherical cap geometry, with a base diameter
of 12.3 £ 0.6 um and a height of 158.7 & 6.7 nm. In this delivery, the lipid solution was
prepared following identical protocols as those in experiment 2A, but with much lower
POPC and glycerol concentrations. The solvent was ethanol:glycerol = 99:1 (v/v), with
solutes of [POPC] = 3.3 x 10~® M and [NBD-PE] = 3.3 x 10~8 M. Delivery was carried out
under p = 300 mbar, t = 500 ms, and F = 60 nN, onto a plasma-cleaned glass substrate. A
3 x 3 array of spherical caps was first produced to demonstrate consistency. The spherical
cap geometry can be rationalized by the pathways of POPC assembly during evaporation,
as illustrated in Figure 2D. The transient spatial confinement, instead of inter-molecular
interactions, dictated the outcome of lipid assembly in this case due to two experimental
parameters. First, the POPC concentration was four orders of magnitude lower than that in
experiment 2A, which reduced POPC collisions, weakening inter-molecular interactions.
Additionally, the evaporation rate in experiment 2C is higher than that in Figure 2A due to
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a 10-fold reduction in glycerol concentration, which prompted kinetics-driven outcomes.
Collectively, the assembly of the POPC molecules reflected primarily the molecular locations
trapped at the transient locations upon drying. Therefore, POPC molecules are assembled
into a short spherical cap structure following the spatial confinement during evaporation.
The robustness of these observations was demonstrated by forming narrower and taller
POPC spherical caps on less solvo-philic surfaces, such as an OTS/glass SAM, where
the contact angle measured 39°. Under the same delivery conditions, the spherical caps
(Figure S2) were 3.46 £ 0.49 pm at the base and 527 £ 49 nm in height, which were narrower
and taller than that in Figure 2C.

At POPC concentrations of 3.3 x 1073 M, i.e., lower than Figure 2A, and higher than
Figure 2C, and using the same solvent as that in Figure 2A, a “brimmed hat” geometry
shown in Figure 2E was generated, which could be understood as a spherical cap similar to
Figure 2C atop a disk analogous to Figure 2A. At p = 10 mbar, t = 10 ms, and F =75nN, a
3 x 3 array was delivered. Each feature exhibits a 2.19 £ 0.11 um wide and 7.2 & 0.4 nm
thick disk with a spherical cap of 1.22 & 0.25 um in diameter and 56.9 & 2.3 nm tall atop the
disk, as shown in Figure 2E. The disk was formed during the initial droplet spreading and
constant area evaporation, as illustrated in Figure 2B. As a result, the POPC concentration
was significantly depleted, and the remaining POPC assembly followed a similar pathway,
as illustrated in Figure 2D, leading to a spherical cap with a base diameter of 1.22 4 0.25 pm
atop the disk. This pathway is illustrated in Figure 2F.

The impact of the initial droplet shape was also tested, e.g., using an OTS SAM
surface and a solvent of ethanol:water:glycerol = 9:81:10 (v/v). The contact angle of our
solution on the OTS SAM measured 98°, i.e., a solvo-phobic situation. Therefore, the initial
droplet would bead up instead of spreading [24,58] and then evaporate following constant-
contact angle evaporation [55,59,60], as shown in Figure 2H. Under a [POPC] concentration
of 3.3 x 1073 M and delivery conditions of p = 10 mbar, t =10 ms, and F =52 nN, the
POPC molecules assembled into a “frustum” or de-capped cone structures, as shown in
Figure 2G. These lipid frustums measured 232.4 &= 14.3 nm tall, with base and top diameters
of 2.30 £ 0.30 um and 1.04 &+ 0.19 pum, respectively. The addition of water to the mixed
solvent was known to reduce the evaporation rate [28,29]. As a result, the POPC would
assemble into a hat or a truncated-hat geometry, depending on the amount of POPC within.
In the case of Figure 2G, a truncated hat, or solid lipid frustum, was produced. The outcome
was repeated nine times in a 3 x 3 array. To demonstrate robustness, we used the same
OTS/glass substrate but changed the solvent to ethanol:glycerol = 9:1 (v/v), i.e., removed
water. The contact angle measured 39°; hence, a solvo-philic situation. In contrast to the
frustum, a disk 9.92 & 0.53 pm in base diameter and 68.2 &+ 0.7 nm in height was produced
(Figure S3), which was consistent with the constant-area evaporation pathway [55-57].

The molecular packing within the POPC disks was also investigated using the same
printing formulation as Figure 2A. Under p = —50 mbar, t = 10 ms, and F = 70 nN, POPC
short disks were produced, as shown in Figure 3A, with a diameter of 1.09 & 0.01 um and
a height of 27.6 &+ 0.8 nm. Several step features are clearly visible in the zoom-in AFM
topographic image in Figure 3B. The individual step height was measured from the cursor
profile shown in Figure 3C: 4.9, 4.5, 4.4 nm, and 13.3 nm, respectively. In this experiment, the
single step heights for all nine features in the 3 x 3 array were measured to be 4.7 &+ 0.3 nm,
which corresponded well with the value of POPC bilayer thickness of 4.5 nm measured via a
combination of volumetric measurements and X-ray scattering [16], as well as AFM [32]. As
shown in Figure 3B, the top lipid bilayer has an edge that measured 128.7 & 2.5°, which was
close to the characteristic angle (i.e., 120°) for a closely packed 2D symmetry. The formation
of lipid bilayer stacks originates from strong inter-molecule interactions. The packing of
high-concentration POPC under dynamic spatial confinement due to evaporation was
simulated using molecular dynamics (MD) simulations in the MARTINI model, and the
lipid molecules were found to assemble into gel-phased structures [32,61], consistent with
the stacking of bilayers directly visualized in our experiments. Contrarily, no gel-phased
structures were revealed for POPC constructs with the spherical cap geometry.
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Figure 3. (A) A 3D display of an AFM topographic image of a POPC feature with the disk geometry.
(B) A zoom-in AFM topographic image indicated by the blue square in (A). (C) Cursor profile
indicated by the blue line in (A). White scale bar = 1 pm; red scale bar = 100 nm.

3.2. Producing Asymmetric Lipid Constructs

Producing constructs with asymmetric shapes could be attained by perturbing the
initial droplet shape to deviate from the symmetric spherical hat geometry driven by
the surface tensions. An easy means is to tilt the probe, e.g., 11° from surface normal,
inside the droplet in conjunction with extending probe time within the droplet, e.g., con-
trolling the pulling rate. Two examples of this approach are shown in Figure 4. The
lipid solution was prepared by dissolving POPC in ethanol to reach a final concentration
[POPC] =3.3 x 1072 M. OTS/ glass SAMs were utilized in both experiments, providing
solvo-phillic surfaces, where the contact angle measured 39°. Delivery of the lipid solution
was performed under p = 10 mbar and a contact force F = 72 nN. Upon dispensing a droplet,
the probe was kept in contact with the surface for 10 ms, followed by pulling the probe up
at 5 pm/s until a full and complete separation, e.g., 10 um above the surface.

200 nm

0

0

Figure 4. (A) AFM topographic image of a 2 x 2 array of lipid constructs exhibiting a shape that
resembles a “traffic cone”. (B) A 3D display of a single feature from (A). (C) Schematic diagram
illustrating key moments during the probe retreat (top to bottom). The black arrows indicate the
evaporation rate and direction. Yellow: OTS coating; Light teal: dissolved POPC; Dark teal: solidified
POPC. (D) AFM topographic image of a 2 x 2 array of lipid constructs exhibiting a “bean bag”
geometry. (E) A 3D display of a single feature from (D). (F) Schematic diagram illustrating key
moments during the probe retreat (top to bottom). The black arrows indicate the evaporation rate
and direction. Red scale bars = 5 um. White scale bars = 500 nm.

Using an OTS-coated probe, Figure 4A showed a 2 x 2 array of lipid constructs
produced, all exhibiting a “traffic cone” geometry with the top being slightly asymmetric.
A zoom-in and 3D display shown in Figure 4B more clearly revealed the geometry and
dimensions. Each lipid “traffic cone” had an overall height measured 265.5 + 5.3 nm
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and a cone base diameter of 1.48 &+ 0.10 um. At the base, a brim surrounding the cone
was observed with 2.05 + 0.18 um in utmost diameter, width of 0.40 + 0.08 um, and
5.7 &£ 0.4 nm in thickness. The possible pathway leading to this geometry is illustrated
in Figure 4C. Upon delivery of a liquid droplet, the lipid solution spread on the surface,
as well as “climbing up” the exterior of the probe. Constant-area evaporation occurred,
leading to the brim of the cone on the supporting substrate. The thickness of the POPC brim
measures 5.7 £ 0.4 nm. With the lifting of the probe and solvent evaporation, the droplet
was constantly reshaping, becoming narrower and more elongated than the initial one.
In the meantime, the POPC assembled following the triple-phase boundary confinement.
With tip-droplet separation and drying, lipid features with a “traffic cone” geometry
formed, as shown in Figure 4C. The robustness of the method was verified by repeating
the experiment with one change in formulation, i.e., adding 10% glycerol, resulting in
[POPC] = 3.3 x 1072 M in ethanol:glycerol = 9:1 (v/v). The contact angle was near zero on
OTS/glass. With the same probe coating, as well as delivery conditions, symmetric lipid
disks are produced: base diameter = 2.37 & 0.09 um and height = 64.3 &= 2.6 nm (Figure 54).
We attribute the formation of the lipid disks to the slower evaporation due to the higher
glycerol concentration. After probe withdrawal, the droplet also had sufficient time to relax
to a spherical cap shape, as dictated by surface tension. Constant contact area evaporation
occurred, leading to the formation of lipid disks, similar to that shown in experiment 2A.

With a POPC-coated probe and the same delivery conditions, asymmetric lipid con-
structs formed, exhibiting a “brimmed bean bag” geometry, as shown in Figure 4D. A
zoom-in and 3D view of a single feature is shown in Figure 4E, from which the height
measures 63.8 £+ 5.6 nm on the shorter side and 123.2 &+ 11.5 nm on the taller side; the
bean bag has a base diameter of 1.85 £ 0.06 um. The brim measured 2.22 £ 0.24 pm in
utmost diameter, 0.25 &= 0.14 um wide, and 5.5 & 0.3 nm in thickness. The possible pathway
leading to this geometry is illustrated in Figure 4F. Upon delivery of a liquid droplet, the
lipid solution spread on the surface similar to that in Figure 4C, while “climb up” is higher
along the exterior of the probe due to the high solvo-philicity. Due to the 11° tilting angle
of the probe, the initial droplet exhibited an asymmetric shape [28,29]. The brim formation
is similar to that in experiment 4C. As the probe retreated from the liquid droplet, the
droplet was constantly reshaping, becoming narrower and more elongated than the initial
one. The difference was that the initial POPC molecules assembly at the exterior of the
probe was faster, causing the droplet to recede along the probe exterior, leading to earlier
separation than that in experiment 4C. At that moment, the asymmetry of the transient
droplet was retained during the subsequent evaporation, trapping the POPC molecules
within the transient droplet shape, i.e., the formation of an asymmetric lipid construct with
a distinctive “bean bag” geometry.

3.3. Assemble Lipid Molecules by Design via Perturbing Individual Droplet During Drying

Previous sections revealed that the initial shape of droplets significantly impacted the
final geometry of POPC micro-constructs. This section explores the impact of the transient
shape of droplets during drying. Taking advantage of our setup, the probe could be moved
rapidly during the delivery and drying following the designed trajectories with nanometer
precision [32]. In the experiments shown in Figure 5, the same surface support and lipid
formulation as that in Figure 4 were used with printing conditions: p = 10 mbar; t = 10 ms;
and F = 50 nN. Immediately following the droplet delivery, the probe remained inside the
droplet and in contact with the surface under a delivery pressure p = —250 mbar and a
contact force of 50 nN. At the same time, the probe was continuously moving following
predesigned time-dependent positions, i.e., X(t) and Y(t). An example of the X(t) and Y(t)
is shown in Figure 5B, which led to a probe movement along a micro-cross with each
arm being 3 pm long. After the movement in the X-Y plane, the probe withdrew from
the droplet. Upon solvent evaporation, POPC molecules in each droplet assembled into
a micro-cross, where a 2 x 2 array is shown in Figure 5C. One of the representative lipid
crosses was shown in Figure 5D, where the arms measured 3.27 &+ 0.16 pm in length and
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1.57 £ 0.14 um in full width at half maximum (FWHM). The feature height measured
685 + 41 nm in the center and 574 + 50 nm in the arms. The cross-section measured
2.82 £+ 0.34 pum in width.
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Figure 5. (A) Schematic diagram illustrating the concept of perturbing individual liquid droplet
shapes via tip movement (double arrow black and red lines). (B) Programmed X and Y positions of the
probe plotted as a function of time. The center of the droplet was the origin of the coordinate. (C) AFM
topographic image of a 2 x 2 array of POPC micro-crosses. Each droplet was perturbed following tip
trajectory designed in (B). (D) A 3D display of the top left cross from (C). (E) Programmed X and Y
positions of the probe plotted as a function of time. The center of the droplet was the origin of the
coordinate. (F) AFM topographic image of a 2 x 2 array of asymmetric POPC crosses. (G) A 3D
display of the top left feature from (F). Scale bar = 5 um.

The robustness of this approach is demonstrated by guiding the POPC molecules
to assemble into an asymmetrical cross as designed. With the X(t) and Y(t) designed in
Figure 5E, the probe moved along an asymmetrical cross with arm length being 6 and 3 pum,
respectively. POPC assembled into asymmetric crosses, as exampled in Figure 5F, where a
2 x 2 array is displayed. One typical asymmetric cross is shown in Figure 5G, from which
the long and short arms measured 6.11 £ 0.40 um and 3.18 + 0.24 um in length, respectively.
The width was 1.68 £ 0.10 um (FWHM), and the feature height measured 687 + 88 nm
in the center and 547 + 88 nm in the arms. The cross-section measured 2.14 + 0.28 um
in width.

Both the symmetric and asymmetric crosses were repeated at least eight times in two
independent experiment sets to ensure consistent and reproducible results. These results
demonstrated the concept of control over the assembly of lipid molecules into designed
geometries by actively perturbing the droplet at a designed trajectory during drying. In con-
trast to the conventional drop-and-dry approach where symmetric constructs were typically
generated [62,63], our method actively reshapes the droplet by our programmed trajectory
during solvent evaporation and, as such, allows for the production of non-equilibrium
structures of lipid assembly constructed by design. To the best of our knowledge, this is the
first time that active reshaping of individual droplets was adopted to produce 3D micro-
and nanostructures.

3.4. 3D Nanoprinting of Lipid Molecules

In principle, with successful 0D printing of a lipid, it should be feasible to make
concrete 0D features continuous, i.e., 1D printing. By the same token, connecting lines
into planes enables 2D printing, and stacking designed 2D structures should attain 3D
constructs. With conditions of 0D printing, i.e., controlling assembly of POPC in a droplet,
at hand, we moved further to attempt the 3D nanoprinting of a lipid. Figure 6 demonstrates
the proof of concept using a design with 5-fold symmetry, as illustrated in Figure 6A.
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Features with a five-fold symmetry are difficult to attain in nature or via self-assembly but
should, in principle, be routine in our approach.

300 nm

Figure 6. (A) The design of a structure with 5-fold symmetry, consisting of connected pentagons and
diamonds with equal side lengths. The black and red lines represent the one pass and two passes
during the delivery, respectively. (B) Confocal image revealing the outcome of a 3D printing of POPC
following the design in (A), with individual pentagon side length set at 20 um. (C) AFM topographic
image of the resulting 3D printing of POPC following the same design and with individual pentagon
side lengths set at 5 um. Scale bar = 20 um.

This design originated with a central pentagon and expanded outward with more pen-
tagons. The entire pattern consisted of 51 identical pentagons and 20 diamonds connecting
these pentagons. The support surface is an OTS/glass, and the printing solution formula-
tion is the same as that in Figures 4 and 5: [POPC] = 3.3 x 1072 M, [NBD-PE] =33 x 104 M
in ethanol. Two representative POPC patterns, shown in Figure 6B,C, were printed following
the design shown in Figure 6A, with individual pentagon side lengths of 20 pm and 5 pm,
respectively. To produce the designed patterns, the probe was first brought into contact
with the surface until the set force of F = 50 nN. The probe’s programmed movement
was promptly initiated, following the trajectory, as depicted in Figure 6A. For the POPC
pattern in Figure 6B, printing started at the top point of the central pentagon and then
followed the line trajectory of the first pentagon, as shown in Figure 6A. The contact force
was maintained at F = 50 nN, i.e., the delivery probe followed the designed trajectory
while maintaining consistent contact with the supporting surface. After attempting various
delivery pressures, we kept p = —250 mbar at the printing speed of 10 pm/s to avoid
uncontrolled solution spreading, aka over-delivery on the solvo-philic surface, or lack of
designed material delivery. Upon completion of the designed paths (all lines in Figure 6A),
the probe was lifted. The final POPC assemblies followed the design with high fidelity,
as shown in Figure 6B. Each line measures 20.0 um long, with line width = 1.3-1.4 um
and line height = 218-496 nm. The footprint of the pattern covered a 230 um x 242 um
region. The sides with double passes appeared taller than those produced via single passes,
as anticipated.

Further miniaturization of this design was also attempted. One example is shown
in Figure 6C, where the individual pentagon side length = 5 um. Printing conditions
followed that shown in experiment 6B, except that the delivery speed was set to 2 um/s.
The lines measured 108-240 nm in height and 788-960 nm in width. The pattern covers
57.5 pm x 60.5 um area. The reproducibility of the pattern was demonstrated by repeating
the printing multiple times during two separate experiments. We observed structural
characteristics specifically pertaining to our methodology. The center pentagons were
brighter than the outside pentagons, which is consistent with the higher initial flow of
the lipid solution from the probe than the subsequent delivery. Lines near horizontal
directions were slightly taller than other lines due to the direction dependence of our
delivery configuration [53]. Occasionally, corners exhibited build-ups due to material
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accumulation at a turning point. Work is in progress to optimize delivery conditions and
configuration to improve this technology further.

4. Conclusions

Integrating AFM with microfluidic delivery, this work enables controlled assembly
of amphiphilic lipid molecules such as 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC). By moving the probe following the designed trajectory upon dispensing and
during drying, the transient shape of the small liquid droplets is regulated. In doing so, the
shape of the POPC assembly has been regulated to the designed geometry with high spatial
precision. Examples of lipid constructs achieved with designed shapes include disks, traffic
cones, “bean bag”, and symmetric and asymmetric micro-cross. Built upon this concept,
POPC assemblies in 3D were designed and built, including constructs with a five-fold
symmetry. Work is in progress to further improve the precision in material delivery and
to explore applications in drug delivery and additive manufacturing via 3D nanoprinting.
Future work will also include extending this approach to a broad range of amphiphilic
molecules and formulations. The concept of controlled assembly of lipids demonstrated in
this work also facilitates the development of lipid-based functional biomaterials, sensors,
and devices.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/chemistry6050074 /s1, Figures S1-S4: AFM topographic images
demonstrating the robustness of controlled assembly of lipid molecules via regulating transient
spatial confinement.
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