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ABSTRACT: Patterning chemical reactivity with a high spatio-
temporal resolution and chemical versatility is critically important
for advancing revolutionary emergent technologies, including
nanorobotics, bioprinting, and photopharmacology. Current
methods are complex and costly, necessitating novel techniques
that are easy to use and compatible with a wide range of chemical
functionalities. This study reports the development of a digital light
processing (DLP) fluorescence microscope that enables the
structuring of visible light (465−625 nm) for high-resolution
photochemical patterning and simultaneous fluorescence imaging
of patterned samples. A range of visible-light-driven photochemical
systems, including thiol−ene photoclick reactions, Wolff rearrangements of diazoketones, and photopolymerizations, are shown to
be compatible with this system. Patterning the chemical functionality onto microscopic polymer beads and films is accomplished
with photographic quality and resolutions as high as 2.1 μm for Wolff rearrangement chemistry and 5 μm for thiol−ene chemistry.
Photoactivation of molecules in living cells is demonstrated with single-cell resolution, and microscale 3D printing is achieved using a
polymer resin with a 20 μm xy-resolution and a 100 μm z-resolution. Altogether, this work debuts a powerful and easy-to-use
platform that will facilitate next-generation nanorobotic, 3D printing, and metamaterial technologies.

■ INTRODUCTION
Controlling the assembly of materials and chemical reactions
with high spatial and temporal precision is critical to advances
in established industries (integrated circuits, photovoltaics,
displays, biotechnology, etc.)1 and in emerging industries such
as nanorobotics,2 bioprinting,3 microfluidics and analytical
chemistry,4 photopharmacology,5,6 and additive manufactur-
ing.7 High-resolution nanofabrication methods such as
electron-beam lithography,8 focused ion-beam lithography,9

scanning probe dip-pen nanolithography,10 direct laser writing
or multiphoton fabrication,2 and nanoimprint lithography11

can achieve high resolutions but are low-throughput and have
high costs and limited chemical versatility. On the other hand,
optical methods such as laser-based stereolithography, laser-
induced forward transfer, selective laser sintering, and digital
light processing (DLP) are relatively inexpensive and high-
throughput and offer access to diverse light-mediated
chemistries.2,12 Rare (but potentially transformative) examples
of chemically versatile nanofabrication have enabled the
production of advanced multifunctional materials, including a
3D-printed sea cucumber mimic,13 gecko-inspired adhesives,14

cloaking devices,15 and other complex metamaterials.16

DLP methods, which use digital micromirror devices
(DMD) that can independently address each pixel and thereby
structure light,17 offer the advantages of high fabrication
speeds, scalability, and high resolution.2 These methods are
often referred to as projection microstereolithography

(PμSL)18 or microscale continuous optical printing
(μCOP)19 and typically use UV light (364−405 nm) to
induce polymerization with micrometer-scale resolutions.
Notable advances include the use of a 200× objective20 and
microlens or pinhole arrays.21 These types of systems have
been applied for 3D printing plastics22 and dynamic covalent
materials23 and in a combined microscopy system for the real-
time polymerization of Caenorhabditis elegans assays,24 with
resolutions between approximately 1 and 25 μm. UV light,
however, limits the scope of compatible materials, increases the
cost of optics, and can interfere with certain chemistries. For
these reasons, blue light (450−485 nm) DLP systems are
beginning to be explored for hydrogels and bioprinting.25,26

Despite these promising advances, microprinting using lower-
energy green or red light remains rare, particularly with DLP
systems that have largely been limited to use with polymer-
ization chemistry. Moreover, integrating DLP with fluores-
cence microscopy is underexplored.
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Advancements in photoclick and photopolymerization
chemistries make them ideally poised for integration with
micropatterning.12,27 One attractive photochemical system for
micropatterning is thiol−ene photoligation.28,29 Visible-light
thiol−ene reactions can be conducted with eosin y as a
photoinitiator,30 and this chemistry has been used in a versatile
molecular patterning technique employing multiphoton raster-
ization.31,32 The photochemistry of diazoacetates and diazo-
nium-photocaged compounds has also been exploited,
particularly for photoactivatable single-molecule localization
experiments33,34 and photochemical synthetic transforma-
tions,35 but there are very limited examples of photochemical
patterning with this motif.36 Recently, photopolymerization
resins for visible-light 3D-printing have also been developed for
use with DLP technology and multicolor photoinitiation, and
efforts to improve the printing resolution with these are
ongoing.37,38

Here, we report the development of a DLP fluorescence
microscope and the associated photochemistry capable of
performing photochemical reactions using blue (465 nm),
green (520 nm), and red (624 nm) light with high
spatiotemporal precision. Molecular micropatterning of silicon
rhodamine dyes onto solid polymer beads was carried out and
tracked using the built-in fluorescence microscope, and high-
resolution 2D and 3D polymerizations were achieved using
recently disclosed visible-light formulations.37 Using a photo-
activatable diazoketone-caged rhodamine dye, we demonstrate
that this apparatus and chemistry can be used to perform
spatial patterning of molecules inside living cells with single-
cell resolution as well as to print fluorescence images onto

polymer films with photographic quality and a resolution as
high as 2.1 μm.

■ RESULTS AND DISCUSSION

DLP Microscope Design and Fabrication. To achieve
highly resolved and spatially precise chemistry, we designed
and constructed a digital light processing (DLP) fluorescence
microscope capable of projecting patterned visible light onto
micrometer-scale substrates with simultaneous fluorescence
imaging (Figure 1A and B). Digital light processing was
accomplished using the digital micromirror device and
projection engine in a LightCrafter 4500 projector (Texas
Instruments). Previously, we employed the LightCrafter and
similar projectors in the fabrication of a volumetric 3D digital
light photoactivatable dye display (3D Light PAD) for the
patterned activation and excitation of photoswitchable
fluorophores with ultraviolet and visible light.39,40 For the
DLP microscope, the LightCrafter was used with its projection
optics removed. The setup includes a DLP4500FQE DMD
chip and an IPD 1231 light engine containing collimated red,
green, and blue LEDs.17 Light from the LEDs is projected
toward the DMD chip, and the reflected light from the DMD
mirrors is directed through an adjustable diaphragm aperture,
followed by collimation using a 100 mm achromatic doublet
collimation lens. The collimated patterned light is then
directed through a dichroic mirror to reflect short-wavelength
excitation light and transmit long-wavelength light, and an
emission bandpass filter is used to transmit light from 672−
712 or 583−603 nm, regions that correspond with the

Figure 1. (A) Design scheme and (B) photograph of the DLP microscope setup composed of (1) a DLP LightCrafter 4500 as the patterned light
source; (2) a light collimation assembly consisting of an adjustable iris diaphragm and an achromatic doublet collimation lens with a 100 mm focal
length mounted in a zoom housing with 4.1 mm linear travel; (3) an xy-translational stage and slide holder; (4) a 4× objective (NA = 0.10), a 40×
objective (NA = 0.60), or a 100× oil objective (NA = 1.30) mounted in a zoom housing with 4.1 mm linear travel; (5) a fluorescence imaging filter
cube containing a 650 nm short-pass excitation filter, a 660 nm dichroic beamsplitter, and a 692/40 nm bandpass emission filter; (6) a mounted
100 mm focal length achromatic doublet lens in a 2.5” lens tube and a 1.0” spacer; and (7) a Chameleon3Monochrome sCMOS camera. Part
details are provided in Table S1. (C) Checkerboard pattern and one-pixel-width diagonal lines projected onto a target resolution slide using 4×,
40×, and 100× objectives. The projection resolution with each objective was determined as the fwhm of the Gaussian fit (black line) to imaged
pixel intensities (blue circles) across projected one-pixel-wide lines. The error on the fwhm is ±SD with n = 3 different lines measured.
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fluorescence emission of the red fluorescent dyes used in this
study. For nonfluorescent samples, the filter cube could be
easily replaced with one fitted with a 90:10 optical beamsplitter
for reflected light microscopy. A 4× objective (NA = 0.10), a
40× objective (NA = 0.60), and a 100× objective (oil, NA =
1.30) were used to focus light onto a sample slide that could be
moved using an xy-translational stage. Fluorescence emission
from the sample was collimated through the objective and
directed back through the filter cube, then focused through a
tube lens (100 mm achromatic doublet) onto the sensor of a
Chameleon3Monochrome sCMOS camera. A photograph of
the DLP microscope is shown in Figure 1B, and vendors and
part numbers are included in the SI (Table S1). Two zoom
housings were included. The first was between the filter cube
and the collimation lens to allow for fine control of the
collimation of the patterned light from the DLP chip. It is
important that this light is collimated when it enters the back
aperture of the objective so that the patterned light is focused
onto the imaging focal plane. Another zoom housing was
inserted between the filter cube and objective to enable the
sample to be focused on for imaging. Once the projected light
is focused with the first zoom housing, it will match the
imaging focus thereafter. The modular design of the DLP
microscope also enabled the easy incorporation of supple-
mental elements; with the addition of a single-axis motorized
translational stage to the existing setup, a 3D printing-capable
microscope was achieved as described below.
DLP Microscope Characterization. Following the

construction of the DLP microscope, we evaluated the light
patterning capability of the system using the checkerboard,
horizontal lines, and diagonal lines internal test patterns of the
LightCrafter 4500 (Figures 1C and S1). Patterned light was
projected through a 90:10 beamsplitter onto a microscope
resolution target slide (Thorlabs, no. R1L3S10P) using the red
LED and 4×, 40×, and 100× objectives. With each objective,
sharp patterns were achieved with good light−dark contrast
that could be tuned using the adjustable diaphragm aperture
(Figure S1). The resolution of the projection was evaluated
using the single-pixel-width diagonal lines internal test pattern.
An intensity profile across the projected diagonal lines was
generated in ImageJ (Figure 1C), and the resolution was
determined as the full-width at half-maximum (fwhm) of the
resultant Gaussian profiles. Using this method, we determined
the projection resolutions were 5.81 ± 0.15 μm with the 4×
objective, 0.94 ± 0.12 μm with the 40× objective, and 0.47 ±
0.03 μm with the 100× objective. The irradiation capability of
the DLP microscope was also characterized (Figure S2 and
Table S2). Using a Si photodiode sensor and a digital optical
power meter (ThorLabs, nos. S120VC and PM100D,
respectively), we measured the power density during
irradiation with each LED of the LightCrafter using the
different objectives and varying the LED current settings. The
maximum power densities achieved with the 4× objective were
0.22 ± 0.02 W cm−2 with the red LED, 0.30 ± 0.04 W cm−2

with the green LED, and 0.48 ± 0.07 W cm−2 with the blue
LED. With the 40× objective, the maximum power densities
achieved were 7.17 ± 0.35, 10.33 ± 1.02, and 17.93 ± 1.53 W
cm−2 for the red, green, and blue LEDs, respectively. Owing to
the short focal length and working distance of the 100×
objective, power density measurements under this objective
using the standard photodiode sensor could not be obtained.
Visible-Light-Based Reaction Systems. We next turned

our attention to photoinitiated chemical reactions that we

could employ for chemical microprinting using the DLP
microscope. We investigated the thiol−ene photoclick reaction
between thiols and alkenes, which can be initiated by a visible-
light photoinitiator, and the light-mediated insertion of diazo
compounds into nucleophilic functionalities such as O−H and
N−H bonds via direct carbene insertion or ketene trapping of
their Wolff rearrangement products (Scheme 1). These

chemistries interested us because of their fast kinetics and
high yields in response to visible light (Figure S3), so we
leveraged them for observable covalent modification of thiol-,
amine-, or alcohol-containing polymer constructs with
fluorescent rhodamine molecules. We immobilized free thiols
on commercially available NovaSyn-TG amino beads, which
are made of 90 μm diameter polymer spheres commonly used
in peptide synthesis; amide coupling with fmoc- and mmt-
protected cysteine and subsequent cleavage of the mmt group
with 1% trifluoroacetic acid (TFA) yielded the thiol-modified
SH−resin as a platform for thiol−ene chemistry (Figure 2A).
Next, we prepared the fluorescent alkene reaction partner
silicon rhodamine−styrene (SiR−sty), which was designed to
result in increased fluorescence at the sites of thiol−ene
ligation on the SH−resin beads. The known precursor SiR was
synthesized from the silicon anthrone 1 and tert-butyl-
protected 3-iodo-4-methylbenzoic acid using n-butyllithium
following a previously published protocol,41 and a standard
amide coupling of SiR with 4-amino styrene provided the
thiol−ene partner SiR−sty in a high yield (Figure 2B). The
value of λmax for SiR−sty was found to be 685 nm in DMSO
(Figure S4). We reacted the thiol-modified SH−resin with
SiR−sty and eosin y in DMSO under blue light irradiation for
22 h and observed strong fluorescence emission from the beads
when the reaction was irradiated as compared to almost no
emission being observed when the reaction was conducted in
the dark, confirming that on-bead reaction progress could be
monitored via the fluorescence emission of SiR−sty (Figure
2C). Ellman’s reagent was used to further verify that irradiation
with blue light led to the depletion of free thiols and that the
reaction with SiR−sty resulted in a 79 ± 13% conversion
(Figure S5 and Table S3).
For photochemical patterning with diazo compounds, we

envisioned the use of a fluorescent turn-on approach
employing the Wolff rearrangement of the rhodamine B-
based diazonium photocaged dye rhodamine BNN
(RhBNN).33 Upon the photolysis of RhBNN’s diazoketone
caging group with blue light, a carbene is generated, which
rapidly undergoes a Wolff rearrangement to a ketene

Scheme 1. Light-Based Thiol−Ene Photoclicking and Wolff
Rearrangement of Diazoketones
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intermediate. The ketene can be subsequently trapped by
nucleophilic species such as alcohols and amines to uncage the
bright fluorescence emission characteristic of rhodamine B
(Figure S4). Though we found that the Wolff rearrangement
products of RhBNN undergo photobluing with long exposure
to high-intensity light similar to other similar organic
fluorophores,42 the relatively short irradiation durations and
low light intensities in our studies did not cause photobluing
(Figure S4E−H). We used poly(vinyl alcohol) (PVA) to

prepare films doped with RhBNN, theorizing that the solid
PVA could also serve as the source of the nucleophilic hydroxyl
groups required to trap the uncaged RhBNN. This was
confirmed when we irradiated 50 μm thick films of PVA
containing rhodamine BNN (RhBNN−PVA), which was
coated onto glass microscope slides, with blue light; the films
irradiated with blue light for 22 h displayed stronger red
fluorescence as compared to those that were kept in the dark
(Figure 2D).

Optimization of Procedures for Chemical Micro-
patterning. Next, we proceeded to apply this chemistry for
surface micropatterning using the newly developed DLP
microscope for patterned visible-light irradiation and fluo-
rescence imaging. We first attempted micropatterning using a
4× objective. SH−resin beads were added onto a glass
microscope slide with 20 μL of a SiR−sty and eosin y solution
in DMSO. Patterned light in a grid pattern from the
LightCrafter system was focused onto a field of the beads
through the fluorescence filter cube and a 4× objective (Figure
3A). After 15 min of patterned illumination with high-intensity
blue light (0.5 W cm−2), the red fluorescence emission of the
sample was imaged using a uniform field of weak excitation
light (0.02 W cm−2) through the the filter cube was optimized
for silicon rhodamine fluorescence. Clear patterns were
observed on the beads, indicating the successful 3D micro-
printing of a silicon rhodamine dye on the solid bead surface
(Figure 3B). The covalent attachment of the dye was further
confirmed by washing the beads thoroughly with DMSO and
imaging them on an EVOS-f l fluorescence microscope through
an Invitrogen Cy5-optimized filter cube (Ex = 635/18 nm and
Em = 692/40 nm, ThermoFisher, no. AMEP4956) (Figure
3C). Micropatterning experiments with RhBNN−PVA films
also displayed successful patterning under a 4× objective.
Patterned blue light irradiation of the 20 μM RhBNN−PVA-
coated glass slides at 0.5 W cm−2 resulted in clear patterning
within 10 min, which could be observed with the DLP
microscope and an EVOS-f l microscope using an RFP filter
cube (Ex = 542/20 nm and Em = 593/40, ThermoFisher, no.
AMEP4952) (Figure 3D−F).
We then moved to patterning with a 40× objective for the

further characterization and optimization of the visible-light
microprinting chemistries. The stronger objective allowed us to
focus patterns onto fields measuring 287 μm × 215 μm (2048
× 1536 px, with 1 μm = 7.14 px, as determined using ThorLabs
resolution target slide no. R1L3S10P) that contained single
beads as well as to achieve higher intensities of irradiation light.
We projected a pattern of horizontal lines onto individual SH−
resin beads in a solution of SiR−sty and eosin y using high
intensity blue light (17.9 W cm−2) through the 40× objective.
Before irradiation, the beads appeared as featureless circles
during fluorescence imaging, but after patterned blue light
irradiation we observed horizontal lines on the beads under a
uniform field of fluorescence excitation, indicating the covalent
linkage of the SiR−sty dye at the targeted sites (Figure S6).
Similarly, clear patterning was observed on the RhBNN−PVA-
coated glass slides when they were irradiated with blue light in
a horizontal lines pattern at this magnification (Figure S7).
Notably, in addition to successful patterning in PVA films, the
RhBNN Wolff rearrangement chemistry also worked for the
surface functionalization of amine-labeled resin beads,
displaying high precision and contrast micropatterning with
blue light (Figure S7).

Figure 2. Visible-light-mediated reaction systems for solid micro-
printing. (A) Synthesis of the thiol-functionalized SH−resin. (B)
Synthesis of the fluorophore-tagged alkene, SiR−sty. (C) Reaction
scheme and EVOS-f l fluorescence images (Ex = 635/18 nm and Em=
692/40 nm) of washed SH−resin beads after being reacted in a
solution of 3 mM SiR−sty and 70 μM eosin y in DMSO for 22 h with
and without blue light irradiation from a 100 W LED lamp at 0.04 W
cm−2. (D) Reaction scheme and EVOS-f l fluorescence images (Ex =
542/20 nm and Em = 593/40 nm) of PVA films doped with 20 μM
RhBNN with and without 22 h blue light irradiation from a 100 W
LED lamp at 0.04 W cm−2. The insets show brightfield images.
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The progress of the reactions was assessed by measuring the
mean pixel intensities of SH−resin beads (Figure 3G) or
RhBNN−PVA films (Figure 3H) at irradiated and non-
irradiated areas as a measure of the contrast as it correlated
with blue light irradiation times. From these experiments, the
optimal irradiation times using the 40× objective with high-
intensity blue light were determined to be 5 min for the thiol−

ene patterning and 2 min for the rhodamine B uncaging. The

contrast achieved with RhBNN micropatterning was substan-

tially higher than for the thiol−ene chemistry, which may be

due to the high background fluorescence emission of the SiR−
sty solution in the thiol−ene system. In comparison, RhBNN

is nonfluorescent prior to its reaction with the polymer

Figure 3. DLP micropatterning characterization. For DLP micropatterning with a 4× objective: fluorescence DLP microscope image of the SH−
resin in SiR−sty (A) during irradiation with 0.5 W cm−2 blue light in a grid pattern for 15 min using a 4× objective and (B) after irradiation,
imaged under uniform excitation through a 692/40 nm emission filter. (C) EVOS-f l microscope image of the resin from panel B after washing with
DMSO (Ex = 635/18 nm and Em = 692/40 nm). DLP fluorescence images of the 20 μM RhBNN−PVA film (D) during irradiation with 0.5 W
cm−2 blue light in a grid pattern for 10 min through a 4× objective and (E) after irradiation, imaged under uniform green light excitation through a
692/40 nm emission filter. (F) EVOS-f l fluorescence image of the PVA film from panel E (Ex = 542/20 nm and Em = 593/40 nm). For DLP
micropatterning using a 40× objective: (G) on-resin thiol−ene patterning contrast between light and dark areas of horizontal-line-patterned beads
with increasing blue light irradiation time at 17.9 W cm−2. (H) RhBNN−PVA film patterning contrast with increasing blue light irradiation time at
17.9 W cm−2. (I) Patterning contrast with varying LED colors for thiol−ene bead micropatterning after 10 min of irradiation with 8.5 W cm−2 blue,
green, or red light. (J) Patterning contrast with varying LED colors for RhBNN−PVA film micropatterning after 2 min of irradiation with 8.5 W
cm−2 blue, green, or red light. (K) Patterning resolution determination. DLP fluorescence images and representative Gaussian fits (black line) to
the pixel intensity data (blue circles) for on-resin thiol−ene and in-film rhodamine B uncaging in a horizontal line or grid pattern using 4×, 40×,
and 100× objectives. Errors for panels G−K are ±SE with n = 9−19 different patterned lines across 3−6 independent replicates. Images B, C, F,
and K (4× objective on-bead and 40× and 100× objective in-film) are brightness- and contrast-enhanced; raw images are available in the
Supporting Information.
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hydroxyl groups and thus results in high contrast upon
photouncaging.
Through studies varying the irradiation light color, we found

that patterning with the RhBNN Wolff rearrangement
chemistry occurred only under blue light irradiation, while
the thiol−ene micropatterning proceeded under blue, green,
and red light irradiation (Figure 3I and J). Contrast data
showed that blue and green light resulted in more effective
thiol−ene ligation than red light did, which matches with the
spectral absorbance of eosin y and provides evidence for its
role as a photoinitiator in this reaction (Figure S4). Extensive
control experiments allowed us to confirm that the mechanism
of the SiR−sty patterning was indeed radical thiol−ene
photoclick chemistry (Figure S6). The absence of a thiol
functionality from the beads, the alkene functionality from the
fluorophore, or the addition of free-radical inhibitor TEMPO
led to no observed patterning. Interestingly, experiments
lacking eosin y did result in some patterning, indicating that
the reaction could take place without this photoinitiator,
perhaps mediated by the silicon rhodamine itself,43 though not
as efficiently (Figure S6). We also studied the effect of light
intensity on the patterning contrast for on-bead thiol−ene
micropatterning and RhBNN−PVA film micropatterning and
found that increasing the LED intensity generally led to higher
contrast under controlled conditions, but the contrast
approached a plateau at higher intensities (Figure S6 and 7).
Micropatterning Characterization. We determined the

resolution of patterning with different objectives using a similar
method as that used for determining the projection resolution
of the DLP microscope. SH−resin beads or RhBNN−PVA
films were irradiated with blue light in a grid pattern or a
horizontal line pattern at different magnifications, and
fluorescence images were then acquired under uniform
excitation (Figure 3K). Intensity profiles across the patterned
lines were fit to a Gaussian function, and the resolution was
determined as the fwhm of the Gaussian fit in ImageJ. For the
thiol−ene patterning system, on-bead patterning resolution
using a 4× objective was found to be 15.08 ± 1.13 μm, and
that using a 40× objective was found to be 7.79 ± 0.29 μm
(Figure 3K). For the Wolff rearrangement photochemical
patterning in RhBNN−PVA films, the resolution achieved with
a 4× objective was 18.57 ± 0.78, and that achieved with a 40×
objective was 4.81 ± 0.14 μm. The patterns on the PVA films
were found to be persistent, and no diffusion was observed
during time-lapse fluorescence microscopy of photoactivated
grid patterns over 6 min at 10 s intervals (Movies S1−S3) or in
fluorescence microscope images acquired 18 h after photo-
activation (Figure S7C and D). Resolutions achieved on beads
using the thiol−ene system with a 40× objective are lower than
those on RhBNN−PVA films, possibly because of the
curvature of the beads and the presence of a light-scattering
solution surrounding the beads. Photopatterning was also
achieved using a 100× objective on the RhBNN−PVA films
with a patterning resolution of 2.09 ± 0.02 μm. For the thiol−
ene on-bead patterning, although horizontal line, grid, and
checkerboard patterns were observed on the beads, pixel
intensities did not fit a Gaussian distribution due to low
contrast between irradiated and nonirradiated areas. A
conservative estimate of this patterning resolution was
approximated as 3.5−5.0 μm by visual inspection of the
patterned bead images (Figure S6). Combined, these results
indicate that precise chemical functionalization and highly

resolved micropatterning can be achieved with multicolor
visible light using the DLP microscope.

Patterned Labeling of Live Cells. We next leveraged the
DLP microscope and RhBNN Wolff rearrangement chemistry
for visible-light-driven targeted labeling of live cells with
fluorescent molecules. We incubated A549 lung epithelial cells
grown in T25 cell culture flasks with 20 μM RhBNN in PBS
and 2% DMSO for 30 min to allow for uptake. After rinsing
with PBS, the cells were imaged on the DLP microscope and
irradiated with patterned blue light at 9.4 W cm−2 in a split
field pattern that irradiated only the left half of the field. The
blue light was then removed, and the fluorescence emission of
cells was imaged using a uniform field of green light at time
points from 0−30 s (Figure 4A and B). As the irradiation time

increased, cells on the irradiated left side of the field displayed
increased fluorescence emission while cells on the non-
irradiated right side of the field remained nonfluorescent
throughout (Figure 4C), demonstrating that living cells can be
targeted and selectively functionalized with fluorescent dye
using visible-light-mediated chemistry and the DLP micro-
scope.

Optimization of Procedures for Microscale Photo-
curing. We further explored the utility of DLP patterning by
employing it for visible-light photocuring of liquid resin to
achieve solid microprints, vetting it for 3D printing
applications. A three-component polymerization system
consisting of a dimethylacrylamide (DMA) monomer, a
trimethylpropane triacrylate (TMPTA) cross-linker, and
visible-light photoredox catalysts H-Nu 470, Rose Bengal,
and zinc tetraphenyl porphyrin (ZnTPP) with donor and
acceptor co-initiators was used.37,38 Experiments were carried
out on glass microscope slides with a 260 μm deep layer of
liquid resin (Figure S8).
First, we conducted experiments to characterize the

relationship between print width, light intensity, and
irradiation time to optimize the micrometer-scale photocuring
conditions. Vertical lines with a 74 μm width were printed
from a 4:1 mixture of DMA/TMPTA, 2 wt % iodonium
acceptor, 0.2 wt % borate donor, and 0.1 wt % Rose Bengal
initiator with 1, 2, 3, and 4 s of irradiation time using 48, 83,

Figure 4. DLP micropatterning of live A549 cells using visible light.
DLP fluorescence image of cells incubated for 30 min with 20 μM
RhBNN under a 40× objective (A) before blue light irradiation and
(B) after 30 s of blue light irradiation at 9.4 W cm−2 with a split field
pattern, which irradiates the left half of the field. (C) Plot of average
pixel intensities of all cells in the irradiated (left of the dotted line in
panel B) or nonirradiated (right of the dotted line in panel B) half of
the field with increasing irradiation times. Error bars are ±SD with n =
3 independent replicates. Images A and B are equally brightness- and
contrast-enhanced; raw images available in the Supporting Informa-
tion.
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and 160 mW cm−2 intensities of green light through a 4×
objective (Figure 5A). After washing with isopropyl alcohol,
the solid prints were imaged using reflected light microscopy
on the DLP microscope, and the print widths were measured
in ImageJ. As the irradiation time and irradiation intensity
increased, the print width was found to increase (Figure 5A).
Too low or too high of an irradiation time or irradiation
intensity led to prints with widths deviating from the width of
the projected pattern. A close match between the print width
and the projected pattern was achieved at the optimal set of
photocuring conditions, which was found to be 1−2 s of
irradiation at 160 or 83 mW cm−2. Microprints such as the
checkerboard internal test pattern of the LightCrafter system
were successfully achieved with blue-, green-, and red-light-
initiated photocurable resins under these conditions (Figure
5B).
Microscale Photocuring Characterization. The photo-

curing resolution was characterized by projecting lines of
progressively smaller widths onto sample slides containing the
green-light-initiated resin mixture for durations of 1−4 s at
intensities of 48−160 mW cm−2, with pattern widths ranging
from 9.8 to 300 μm (Figure S8). The prints were washed and
imaged, and widths were measured in ImageJ to determine the
smallest print width that could be obtained with the
micrometer-scale DLP photocuring technique. We found that
prints with widths 40 μm and above could easily be achieved at
all three light intensities that were studied. A finer resolution,
as low as 20 μm width prints, could be attained using 80 or 163
mW cm−2 blue light irradiation for 3 or 1 s, respectively
(Figure 5C). Attempts to improve this resolution further by
reducing the projected width to 14 or 10 μm and irradiating at
high intensity resulted in no print development even at long
irradiation durations until time points where the printed line
width surpassed 20 μm (Figure S8). This lack of intermediate
print widths between zero and 20 μm suggests the limitation of
a 20 μm resolution that may perhaps be overcome by the use
of an inert atmosphere or oxygen scavengers.
After demonstrating the capability of the DLP microscope to

photocure resin on the micrometer scale with a high
resolution, we next outfitted it for 3D microprinting
applications (Figure S8). The addition of a motorized stage
for z-translation onto the existing xy-stage of the DLP

microscope evolved it into an inverted 3D printing setup
with which 3D prints such as pyramids of 1.2 mm height and
100 μm resolution in the z-axis were generated (Figure 5D).

Demonstrations of Microscale Chemistry. Finally, we
demonstrate the versatility and ease-of-use of the DLP
microscope for microprinting varied chemical functionalities
and constructs (Figure 6). The top row of Figure 6 shows
photocured solid 2D prints prepared from the blue-light-
initiated polymerization of liquid resin on glass microscope
slides using a 4× objective. Highly precise prints such as a
maze pattern, a microfluidics pattern, and a printed circuit
board (PCB) pattern were achieved by projecting light from a
PowerPoint slide in the parallel RGB mode of LightCrafter
(Figure 6A−C, respectively). Clipart and icons, including the
SMU Mustang mascot and science cartoons, and text were
printed on the micrometer scale with high detail and resolution
(Figure 6D−F). Well-resolved 3D microprints such as the
chess piece and pyramids in Figure 6G were also achieved via
photopolymerization in a bottom-up 3D printing setup. The
patterned surface functionalization of solid resin beads with
fluorescent silicon rhodamine and rhodamine B dyes using
thiol−ene chemistry and diazonium insertion chemistry is
shown in the second and third rows of Figure 6. Structured
light was precisely targeted on samples to achieve micro-
patterning on individual beads using a 40× objective in shapes,
text, and patterns such as the yin-yang symbol, a checkerboard
pattern, and a star, among others (Figure 6H−M). The two
chemistries could also be carried out orthogonally on SH−
resin beads, with prolonged red or green light irradiation
mediating the thiol−ene photoclicking with SiR−sty and quick
flashes of patterned blue light uncaging and trapping RhBNN
on beads. Fluorescence emission in distinct patterns from the
distinct fluorophores was individually imaged through the
appropriate emission filters (Figure 6N). Live cells were easily
labeled with rhodamine B using diazoketone Wolff rearrange-
ment chemistry; highly confluent fields of cells were labeled in
a split field pattern and a checkerboard pattern under a 4×
objective (Figure 6O and P), and desired individual cells could
be targeted for single-cell activation using a 40× objective
(Figure 6Q). Detailed photographs, which maintained their
contrast and resolution over prolonged periods, were printed
onto PVA films using the photo-uncaging of RhBNN. A

Figure 5. Optimization of DLP microscale photocuring and print resolution determination. (A) Plot of the cured print width against the irradiation
time at green light irradiation intensities of 48, 83, and 160 mW cm−2. The projected pattern width was 74 μm (dotted line). (B) Light microscopy
images of washed prints formed on glass slides after photocuring using 83 mW cm−2 blue (H-Nu 470 initiator), green (Rose Bengal initiator), or
red (ZnTPP initiator) irradiation light for 2 s in a checkerboard pattern. (C) Plot of the cured print width against the irradiation time at irradiation
intensities of 48, 83, and 160 mW cm−2. The projected pattern width was 21 μm. The dotted line represents the highest average print resolution
achieved. (D) Photograph of 3D printed pyramids printed using the DLP microscope and blue-light-initiated polymer resin. Patterned light at 140
mW cm−2 was projected for 2 s per layer onto the bottom of a fluorinated film-lined beaker containing liquid resin, and prints were built onto a
glass print bed affixed to a motorized stage for z-translation.
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photograph of the Dallas Hall building was printed on a 2.5
mm × 1.7 mm area of film (1840 × 1268 px, with 1 μm = 0.73
px) using the 4× objective (Figure 6R). Photographs of the
DLP microscope and a closeup of a cat were printed with a
40× objective (Figure 6S and T) on areas as small as 170 μm
× 210 μm (1246 × 1506 px, 1 μm = 7.14 px). Intricate
patterning was also achieved under a 100× objective on the
RhBNN−PVA film, including a functional QR code measuring
48 μm × 48 μm (850 × 850 px, with 1 μm = 17.8 px) that
breaks the current world record,44 a printed circuit board
pattern with feature sizes of 2 μm, resolution charts, and legible
text, icons, and chemical structures that were generated with
only seconds of light irradiation and no required wash steps
(Figure 6U−Z). These demonstrations showcase the range of
applications and chemical versatility of DLP chemical micro-
patterning.

■ CONCLUSIONS
In summary, we present a visible-light-based chemical
micropatterning technique comprised of a home-built digital

light processing (DLP) fluorescence microscope and photo-
chemical reaction systems. The DLP microscope is capable of
spatially structuring blue, green, and red visible light for the
targeted excitation and photoinitiation of micrometer-scale
samples via focusing lenses, reaching projection resolutions
finer than half a micron. Interchangeable light filters and a
CMOS camera enable fluorescence imaging and light
microscopy in this modular system. We optimized and
leveraged visible-light-based thiol−ene photoclicking and
diazoketone Wolff rearrangements for the real-time-observable
printing of silicon rhodamine and rhodamine B molecules onto
solid resin beads with resolutions better than 10 μm using red,
green, and blue light. Microprints approaching a 2 μm
resolution were achieved through the photo-uncaging of
RhBNN in PVA films with structured blue light without the
need for washing steps, providing stunning examples of
photograph-quality microscopic prints and the world’s smallest
QR code to date. DLP micropatterning was also employed in
the targeted fluorescent labeling of selected single live cells
from confluent fields. The resin photocuring ability of the DLP

Figure 6. Demonstration of DLP microscale photocuring, 3D printing, on-bead micropatterning, live-cell labeling, and film patterning.
Fluorescence DLP images of microscale photocured solid resin showing (A) a maze pattern; (B) a microfluidics pattern; (C) a printed circuit board
pattern; (D) the SMU mustang mascot; (E) neuron, mitochondria, and DNA clipart; and (F) alphabet text. (G) Fluorescence images of a DLP 3D
microprinted rook and pyramids. Thiol−ene patterning of SiR-Sty on SH−resin beads in (H) a grid pattern, (I) a yin-yang pattern, (J) alphabet
text, and (K) the SMU mustang mascot and “PONY UP” slogan. Rhodamine B modification of NH2-resin beads in (L) a checkerboard pattern and
(M) a star pattern. (N) Dual patterning of RhBNN (fluorescence imaged through a 593/20 nm filter) and SiR−sty (fluorescence imaged through a
692/40 nm filter) on SH−resin beads in (i) a checkerboard and horizontal line pattern and (ii) a pattern of vertical and horizontal lines.
Fluorescence images of live A549 cells labeled with rhodamine B in (O) a split field pattern, (P) a checkerboard pattern, and (O) a desired single
cell labeled in a confluent field of cells. Fluorescence DLP images of microprinting in RhBNN−PVA films showing (R) the Dallas Hall building, (S)
the DLP microscope, (T) a pet cat, (U) a QR code, (V) a printed circuit board pattern, (W) the United States Air Force resolution test pattern,
(X) rocket and airplane clipart, (Y) “I heart Science” text, and (Z) the structure of rhodamine BNN. Scale bars correspond to the magnifying
objective used for patterning and imaging; the scale bar represents 500 μm with a 4× objective, 50 μm with a 40× objective, and 20 μm with 100×
objective. Images I, J, N−R, and T− W are brightness- and contrast-enhanced; raw images are available in the SI.
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microscope and stereolithography 3D printing applications
were also examined, and we showed that solid 2D polymer
prints with a 20 μm xy-resolution and 3D prints with a 100 μm
z-resolution could be generated without specialty equipment.
Owing to the versatility and ease-of-use of DLP chemical

microprinting, we envision a wide range of ground-breaking
applications for this technique that span across fields such as
3D printing, nanorobotics, and metamaterials. Compatibility
with living cells offers potentially transformative technology to
target molecules to specific cells and subcellular structures such
as cell nuclei, filopodia, or even single synapses with a high
level of control and throughput. To manifest these possibilities
and unlock doors to more emerging areas, we continue to
explore advanced optical setups and chemistry that will elevate
the resolution, contrast, throughput, and chemical compati-
bility of visible-light DLP chemical microprinting to new
heights.
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