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Graphical abstract

A facile method of fabricating functionalized 3D architected materials is achieved by using 

functionalized acrylates synthesized via thiol-Michael addition, which are then polymerized using 

two-photon lithography. A wide variety of functional groups can be attached, from Boc-protected 

amines to fluoroalkanes. Modification of surface wetting properties and conjugation with 

fluorescent tags are demonstrated to highlight the potential applications of this technique.
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Introduction

In recent years, two-photon lithography (TPL) has emerged as a powerful tool to create 

complex, small-scale three-dimensional (3D) materials.[1-6] By focusing a femtosecond laser 

into a negative-tone photoresist, polymerization can be locally induced within the focal 

region of the beam. Rastering the laser focus throughout the photoresist in three dimensions 

then enables the creation of polymer structures with virtually any geometry.[7-9] This 

architectural versatility renders these 3D polymer structures useful for many technological 

applications, including drug delivery,[10-12] tissue engineering,[13-15] micro/nano-

optics[16-17] and photonics.[18-19]

To further expand the application of these 3D structures, it is not only important to precisely 

engineer the structure and architecture of the material; it is also necessary to have control 

over the chemical functionality on the surface and/or in the volume of these 3D structures. 

As a result of this, the fabrication of functional 3D structures has been an area of active 

research in recent years. One approach often taken is the addition of functional nanoparticles 

or its precursors into the photoresist, which then get incorporated into the structure during 

photopolymerization. Structures with magnetic,[20-22] luminescence,[23-25] and 

electrical[26-30] properties can be fabricated in this fashion. While simple, a common 

drawback with this method is that agglomeration of these particles interferes with the ability 

of the laser to penetrate into the resin, limiting the doping concentration of these 

nanoparticles.[24] Another approach has been to post-functionalize the structure by reacting 

the residual unreacted polymerizing groups on the surface with the appropriate molecules. 

For epoxide moieties can be ring-opened to form hydroxyl groups that can be used for 

further reaction,[31-32] acrylates groups can undergo Michael addition with nucleophiles[33] 

or free-radical addition with other acrylate-terminated molecules,[34] and thiols can 
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participate in thiol-Michael addition reactions.[35-36] This method allows for some flexibility 

in tailoring the functionality of the structure, however, as a significant number of 

polymerizing groups are consumed during the polymerization process, there are relatively 

few unreacted groups for post-functionalization. Quick et al. showed that for a thiol-ene 

photoresin, the density of unreacted thiol groups available for post-functionalization was 

approximately 200 molecules μm-2.[35] A more modern approach has been to synthesize 

monomers with the functional groups of interest. By carefully designing the monomers such 

that the desired functional groups are not consumed during the polymerization process, 

structures with unique properties such as photo-reactive surfaces,[37-39] intrinsic chemical 

sensing,[40] chemical resistance,[41] bioactivity[42-43] and biodegradability[44-45] can be 

fabricated. Since the functional groups are directly installed onto the monomer, they should 

exhibit a higher surface density of functional groups. Unfortunately, these functional 

monomers are often difficult to synthesize, requiring a controlled atmosphere and/or a 

complex, multi-step synthesis.

Here, we present a facile method of fabricating functional 3D structures by pre-

functionalizing a multifunctional acrylate monomer via the thiol-Michael addition reaction 

prior to TPL. To demonstrate the versatility of this method, we used a variety of thiols to 

produce acrylates with different functionalities. The functionalized acrylates were then 

mixed with a two-photon photoinitiator in an appropriate solvent and used to fabricate 3D 

structures via TPL. Several different 3D geometries were fabricated; their morphologies 

were analyzed via scanning electron microscopy (SEM), and the presence of functional 

groups on the surfaces was verified using a combination of energy-dispersive X-ray 

spectroscopy (EDS) and X-ray photoelectron spectroscopy (XPS). Contact angle 

measurements were used to highlight the changes associated with surface functionalization 

and fluorescence microscopy to demonstrate the potential of some of the functional 

photoresists in subsequent post-functionalization reactions.

Results and Discussion

The development of the new functional photoresists was guided by the following design 

criteria: a) ease of preparation, b) ability to functionalize with a wide variety of functional 

groups, c) a high degree of functionality, d) compatibility with current TPL systems, and e) 

long shelf-lives. To ensure compatibility with TPL systems, we based our approach on the 

widely used pentaerythritol tetraacrylate (PETTA) system with minimal modifications. 

Figure 1a shows that the thiol-Michael addition reaction of a thiol with PETTA enabled the 

attachment of the desired functionality directly onto the monomer while maintaining a 

degree of acrylate functionality equivalent to pentaerythritol triacrylate. Thiol-Michael 

addition offers several advantages: a) the reaction is simple to set up and is insensitive to air 

and moisture, requiring just the thiol, olefin, and an amine as a catalyst, b) the reaction is 

quantitative in most cases, c) a wide variety of functional thiols is commercially available, 

and d) no by-products are produced, which enables immediate use of the new monomer after 

synthesis without requiring additional purification.

The functionalized acrylate was synthesized by reacting the multifunctional acrylate, 

PETTA, with a thiol via the thiol-Michael reaction in a 1:1 mol ratio. The stoichiometry of 

Yee et al. Page 3

Adv Mater. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



this reaction is critical because the polymerization/crosslinking during TPL is dictated by the 

average acrylate functionality of the monomer. The thiol-Michael reaction in this context 

produces a statistically determined distribution of products depending on the reaction 

stoichiometry; the average functionality of the monomer mixture determines the extent of 

crosslinking during TPL. By using a 1:1 molar ratio, we ensured that the final monomer 

mixture had an average of three acrylates per monomer molecule, which is sufficient for 

effective crosslinking.[46] 1H and 13C NMR conducted on the products indicated that the 

thiol-Michael reaction was quantitative within the limit of detection for NMR (details are 

provided in the Supporting Information). This can be attributed to the following: a) the thiol-

Michael reaction is inherently efficient;[47] b) although the molar ratio of acrylate monomer 

to thiol was 1:1, the ratio of acrylate to thiol was 4:1. This excess acrylate biases the reaction 

towards complete consumption of the thiol; c) the reactions are run without solvent, thus 

maximizing the concentration of the reactants, which further enhances the reaction 

conversion. At the end of the reaction, virtually all the thiols are consumed and every 

acrylate monomer, functionalized or not, necessarily contributes to the statistical average 

functionality and can participate in the TPL process. Any residual unreacted thiols could 

potentially increase the shelf life of the monomer by serving as a radical trap, which 

prevents premature polymerization. During TPL, these residual thiols would be incorporated 

into the material via thiol-ene chemistry and thus would not adversely affect the 

polymerization process. The amine catalyst, in addition to being a very minor component of 

the reaction mixture, is volatile and would have no effect at these concentrations on 

subsequent TPL or the structures produced as it is not a photoactive molecule. The fact that 

these monomers can be used without purification is a key advantage of this approach as it 

makes this technique broadly accessible to scientists and engineers from a variety of 

backgrounds.

To demonstrate the versatility of this approach, we synthesized nine different functional 

acrylates. As a proof of concept, we synthesized monomers that encompassed a wide range 

of chemical functionalities. The photoresist was then prepared by mixing the functionalized 

acrylate with 7-diethylamino-3-thenoylcoumarin (DETC), an efficient two-photon 

photoinitiator,[48] in a small amount of dichloromethane (DCM). The functional resists were 

then stored under yellow light, displaying no observable change in the TPL performance 

over a period of three months.

We fabricated a range of structures with different unit cell geometries to highlight the 

compatibility and versatility of these functional photoresists with the TPL process. For each 

photoresist, two different structures were made: a lattice comprising multiple small unit cells 

each ∼20 μm in size and a single large unit cell ∼70 μm tall. Figure 1b-j shows SEM images 

of fully resolved structures with smooth surfaces, as well as the chemical functionality 

attached via the thiol-Michael reaction. For all the structures fabricated, the distance 

between the rastered laser scans in the x-y plane and the slicing distance of the layers in the 

z-direction were set at a constant 200 nm, the laser power was set at 20 mW, and the writing 

speed was set at 2 cm s-1. All the structures made were slightly smaller than designed, with 

shrinkages ranging from 5-13% depending on the photoresist used (more details in the 

Supporting Information). This reduction in size can be attributed to the following: a) the 

acrylate-based nature of the photoresists used,[49] b) the use of solvent in preparing the 
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photoresist, and c) the index of refraction mismatch between the immersion oil, photoresist, 

and the cross-linked polymer.[35]

To verify that the fabricated structures had the desired functionality, we performed EDS 

analysis which allowed us to easily detect the sulfur atoms present in the thioether bond. 

EDS could also detect elements other than carbon and oxygen on the installed functional 

groups, i.e. all the monomers described in Figure 1 with the exception of PETTA/OH, 

PETTA/Octane and PETTA/BM. Figure 2 depicts the EDS maps of all samples made, with 

the elemental maps highlighting the presence of sulfur throughout the structure, as well as 

other distinguishable elements found in the attached functional groups, which provide strong 

evidence that the fabricated structures exhibit the desired functionality. The clearly visible 

silhouettes in the EDS elemental maps reveal that the functional groups are homogeneously 

distributed throughout the samples and are not preferentially localized.

Since most chemical reactions occur on surfaces, it is important to determine if the 

functional groups of interest are also on the surface. This information cannot be obtained 

from the EDS maps because the large interaction volume of the electron beam within the 

polymer makes it impossible to discern whether the signal comes from the surface or from 

the volume of the sample. Furthermore, surfaces of photoresists can reconstruct during 

development so it is important to know if any of these functional groups get buried. To more 

precisely characterize the surface, we performed XPS measurements on 3 mm (L) × 3 mm 

(W) × 300 nm (H) plates fabricated via TPL (details provided in the Supporting 

Information). Figure S1 shows the survey spectra of all the plates. The presence of the S 2p 

peak (∼165 eV) in all the samples is indicative of the thioether bond, which confirms the 

presence of the functional groups on the surface. This is further supported by the F 1s peak 

(∼688 eV) in the spectra of PETTA/LCF, PETTA/PFP and PETTA/CH2CF3, the N 1s peak 

(∼400 eV) in PETTA/N-BOC and PETTA/N-BOC(Cys), the Si 2p peak (∼100 eV) in 

PETTA/SiOMe, and a lack of the S 2p peak in the control PETTA plate. Based on these 

results, it is reasonable to conclude that the 3D structures also exhibit functionality on the 

surface because both geometries were identically fabricated via TPL.

Surface functionalization leads to a modification in surface energy. To demonstrate this, we 

performed contact angle measurements on TPL fabricated plates of PETTA/OH, PETTA/

Octane, and PETTA/LCF, with PETTA as the control, shown in Figure 3. These particular 

resists were chosen because they theoretically exhibit the widest range of hydrophobicity. 

Contact angle measurements demonstrate that compared to the control PETTA plate, the 

PETTA/OH photoresist is more hydrophilic, the PETTA/Octane and PETTA/LCF 

photoresists are more hydrophobic. This observation is expected based on the chemistry of 

the functional groups: the hydroxyl groups present on the surface of the PETTA/OH plates 

allow for the formation of hydrogen bonds with water, which makes the surface more 

hydrophilic. For the PETTA/Octane and PETTA/LCF photoresists, the long chain alkanes 

and fluoroalkanes are non-polar and do not interact favorably with water, which results in a 

hydrophobic surface. These results indicate that chemical functionalization provides 

tunability in surface properties. Considering that nanostructuring of the surface has also been 

shown to modify its contact angle,[50] the potential combination of nanostructuring and 

surface chemistry functionalization of the constituent polymer described in this work could 
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be an interesting area for future work, enabling the design of materials with unusual and 

unprecedented properties.

As mentioned prior, by directly attaching a reactive group to the monomer that is not 

consumed during the polymerization process, a higher concentration of functional groups 

can be available for post-functionalization.[37] The thiol-Michael pre-functionalization 

approach described here also allows for the fabrication of such reactive structures, which can 

be used for post-functionalization reactions. To illustrate this point, we wrote plates of 

known dimensions using PETTA/N-BOC on glass substrates treated with 3-

(trimethoxysilyl)propyl methacrylate to promote adhesion of the polymer.[33] These plates 

have Boc-protected amines on the surface, which can be easily deprotected in a solution of 

50/50 vol% of trifluoroacetic acid (TFA) and DCM, to give primary amines. The number of 

accessible amines was then quantified using a colorimetric method based on the azo dye 

Orange II (more details provided in the Supporting Information).[51-54] Using this method, 

the surface density of accessible amines was determined to be 3.9 ± 0.7 × 108molecules 

μm-2, which is significantly higher than that which can be achieved by just using residual 

unreacted polymerizing groups.[35] Several factors may contribute to such a seemingly high 

surface density. First, due to the TPL process, there is a low degree of monomer conversion 

on the surface of the structure,[1] leading to some surface swelling, allowing the Orange II 

molecules access to the amines throughout the swollen surface layer, which might be on the 

order of tens of nanometers. The dye is able to enter this swollen surface layer of the 

structure, which means that normalizing the number of amines complexed with the Orange 

II molecule by the surface area yields the number of accessible amines per unit area of the 

structure surface. This surface density takes into account the penetration of the dye into the 

structure and, more importantly, reflects the actual number of surface-accessible amines 

participating in this reaction. Secondly, the surface area measurements did not take into 

account the surface roughness, which would lead to an underestimation of the surface area 

of the structure.

It is important to note that the Orange II test gives a lower bound as to the number of amines 

that can be complexed with the dye as steric hindrance from bound Orange II molecules 

potentially limit the accessibility of neighboring amine groups to free Orange II molecules, 

which would consequently reduce the measured amount of accessible amines.[53]

To visually demonstrate the use of these surface amines for post-functionalization reactions, 

we attached a fluorescent molecule via an NHS ester. As a preliminary test, we fabricated 

two-dimensional (2D) structures using TPL and then deprotected the amines in a solution of 

50/50 vol% of TFA and DCM, followed by a rinse in aqueous sodium bicarbonate and 

deionized water. As it is possible for the deprotected amines to react with any unreacted 

acrylates on the surface, the structures were immediately immersed in a solution containing 

NHS-fluorescein before being rinsed in dimethylformamide (DMF) and then deionized 

water. As a control, structures made using PETTA were also subjected to the same 

procedure. Figure 4a-c shows the fluorescence images of the reacted 2D structures and 

indicates that the fluorescein functional group was successfully attached to the surface of the 

PETTA/N-BOC and PETTA/N-BOC(Cys) structures evidenced by the strong emission in the 

detection region of ∼525nm.
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A slight amount of fluorescence was detected in the PETTA control sample because of the 

auto fluorescence of DETC.[35] To isolate the emission from the fluorescein molecule, we 

determined the intensity from DETC based on the control sample and subtracted it from that 

of the PETTA/N-BOC and PETTA/N-BOC(Cys) structures. To more accurately reflect the 

relative intensity of fluorescence emission, the intensities of all samples in Figure 4a-c were 

normalized to the maximum intensity detected, i.e. that of PETTA/N-BOC. Normalized 

fluorescence results show that the emission from the PETTA/N-BOC structure was greater 

than that of the PETTA/N-BOC(Cys) structure, while virtually no detectable fluorescence 

emanated from the PETTA control. The reduced relative fluorescence emission from the 

PETTA/N-BOC(Cys) structures was likely due to a lower reactivity of the amine with the 

NHS-fluorescein arising from steric hindrance around the primary amine compared with that 

from PETTA/N-BOC.

We fabricated 3D structures using the same three photoresists and subjected them to the 

same functionalization procedure. Figure 4d-f shows the normalized fluorescence images of 

these samples and confirms the successful attachment of the fluorescein molecules to the 

PETTA/N-BOC and PETTA/N-BOC(Cys) structures and corroborate the findings from the 

2D structures. The non-uniform intensities in the 3D fluorescence images arise from 

capturing all of the emitted light, including that from the unfocused background. To 

circumvent this, we used confocal fluorescence microscopy to image the 3D structures. 

Figure 4g-h (more images and videos in the SI) show uniform intensity, which confirms that 

the fluorescein was uniformly attached to the structure.

It is worth mentioning that the post-functionalization methodology described within 

currently does not allow for spatial control of the reaction. To achieve spatial resolution on 

the surface of the structures as demonstrated in other works in the literature,[37-39] it is 

necessary to have photoactive functional groups, which cannot be achieved by using amines 

alone. However, the approach taken here does not necessarily preclude spatial resolution as 

photoactive groups could potentially be installed via the amines, which could be 

subsequently modified on the surface in a spatially controlled manner. The investigation and 

demonstration of this capability merits its own independent study but is beyond the scope of 

this report.

Conclusions

We fabricated chemically functionalized 3D architected structures by first functionalizing 

the acrylate monomer via the thiol-Michael reaction and then subsequently polymerizing the 

functionalized monomer using two-photon lithography. The advantages of this approach are 

the simplicity of the thiol-Michael reaction and the variety of functional groups that can be 

attached pre-polymerization.

EDS maps of all nine fabricated architected structures confirmed the presence of the 

intended chemical functionality throughout the bulk, and XPS measurements on plates made 

using the same functional photoresists confirmed their presence on the surface. Contact 

angle measurements on plates made using PETTA, PETTA/OH, PETTA/Octane and 

PETTA/LCF showed a marked difference in wetting properties, from hydrophobic (contact 
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angle of 102°) to hydrophilic (contact angle of 52°). We also fabricated reactive structures 

with functional handles using PETTA/N-BOC and PETTA/N-BOC(Cys). These Boc-

protected amines were deprotected to primary amines and reacted with a NHS fluorescein 

molecule to produce fluorescent structures, as confirmed by fluorescence microscopy. The 

surface density of accessible primary amines on PETTA/N-BOC plates, as determined by the 

Orange II test, was 3.9 ± 0.7 × 108 molecules μm-2

These functional 3D structures provide an effective pathway for a variety of applications. 

For example, attaching biologically relevant molecules like peptides, PEG chains or 

antibodies to the amines could allow for drug delivery or bio-sensing. The modulation of 

hydrophobicity based on the functionalization of the monomer enables the fabrication of 

materials with anti-fouling properties. The inclusion of the trimethoxysilane group 

introduces the possibility of performing sol-gel chemistry on the surface of these structures. 

The diversity of chemical functionality that we have successfully incorporated into these 

photoresists, points to the versatility of this approach. This work conveys a simple, versatile, 

and effective approach to fabricate three-dimensional structures with virtually any geometry, 

dimensions, and chemical functionality, which renders it promising for a variety of 

biomedical, biochemical, and technological applications.

Experimental Section

Materials

Pentaerythritol tetraacrylate (PETTA, Sigma-Aldrich), 1-octanethiol (>98.5%, Sigma-

Aldrich), ethanethiol (97%, Sigma-Aldrich), 3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluoro-1-

octanethiol (97%, Sigma-Aldrich), 2-mercaptoethanol (>99%, Sigma-Aldrich), (3-

mercaptopropyl) trimethoxysilane (95%, Sigma-Aldrich), benzyl mercaptan (99%, Sigma-

Aldrich), 2,2,2-trifluoroethanethiol (95%, Sigma-Aldrich), 2,3,4,5,6-pentafluorothiophenol 

(97%, Sigma-Aldrich), 2-(Boc-amino)ethanethiol (97%, Sigma-Aldrich), N-(tert-
Butoxycarbonyl)-L-cysteine methyl ester (97%, Sigma-Aldrich), hexylamine (99%, Sigma-

Aldrich), trifluoroacetic acid (TFA, 99%, Sigma-Aldrich), sodium bicarbonate (>99.7%, 

Sigma-Aldrich), N,N-dimethylformamide (DMF, >99%, Sigma-Aldrich), 5(6)-

Carboxyfluorescein N-hydroxysuccinimide ester (NHS fluorescein, >99%, Fisher 

Scientific), 7-diethylamino-3-thenoylcoumarine (DETC, Exciton), Orange II sodium salt, 

(>85%, Sigma-Aldrich), 3-(trimethoxysilyl)propyl methacrylate (98%, Sigma-Aldrich), 

ethanol (95%, Koptec), hydrochloric acid (36.5 – 38%, J. T. Baker), acetic acid, glacial 

(>99.7%, J. T. Baker), sodium hydroxide (>98%, Macron Chemicals), dichloromethane 

(DCM, >99%, Alfa Aesar), propylene glycol monomethyl ether acetate (PGMEA, >99.5%, 

Sigma-Aldrich) and isopropanol (IPA, 99.7%, Sigma-Aldrich) were used as received without 

further purification. Milli-Q quality water (18 MΩ.cm) was generated from a Milli-Q reagent 

water system.

General Procedure for Thiol-Michael Addition Reactions

Pentaerythritol tetraacrylate (1.0 equiv., 3 g, 8.51 mmol), thiol (1.0 equiv., 8.51 mmol), and 

hexylamine (0.1 equiv., 0.112 mL, 0.85 mmol) were added to a 20 mL scintillation vial. The 

reaction mixture became warm and homogeneous within two minutes, and was stirred at 
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40 °C for 14 hours. Completion of the reaction was verified by 1H and 13C NMR, and the 

product was used without any further purification. See Supporting Information for NMR 

analysis.

Preparation of Photoresist

DETC (5.6 mg, 1.6 wt%) was first mixed in DCM (20 μL, 8.0 wt%) in a 2.5 mL Eppendorf 

tube. When the DETC was completely dissolved, the thiol-Michael adduct (0.30 g, 90.4 wt

%) was added to the solution. The photoresist was then vortexed for 10 sec and stored 

overnight in ambient yellow light conditions.

Preparation of Functionalized Glass Slide

Glass slides were ultrasonicated in IPA for 15 minutes and then dried with argon. A 95% 

ethanol – 5% water solution was adjusted to pH 4.5 – 5.5 with acetic acid. 3-

(Trimethoxysilyl)propyl methacrylate was then added to the solution with stirring to yield a 

2% final concentration. The cleaned glass slides were then immersed into the silane solution 

with gentle stirring for 2 minutes. The slides were then dipped briefly in ethanol to rinse 

away the excess silane. The silane layer was then cured at 110°C for 15 minutes.

1H and 13C NMR Spectroscopy

NMR spectra were taken in deuterated chloroform on a Varian 500 MHz spectrometer. 1H 

and 13C chemical shifts are referenced relative to CDCl3 (δ=7.26 for 1H and δ=77.16 

for 13C). 19F chemical shifts are referenced automatically by the Vnmr J software program.

Two-Photon Lithography of 3D structures

Two-photon lithography was performed using a commercially available system (Photonic 

Professional GT, Nanoscribe GmbH) using a Zeiss Plan-Apochromat 63×/1.4 Oil DIC 

objective. Rastering of the laser was achieved via a set of galvo-mirrors and piezoelectric 

actuators. For all structures made, the laser power and scan speed were set at 20 mW and 2 

cm s-1 respectively. Glass substrates 30 mm in diameter and 0.17 mm thick were used in 

conjunction with silicon chips 1 cm (L) × 1 cm (W). The photoresist was drop casted onto 

the glass substrate and then a silicon chip placed over it, using Kapton tape of approximately 

100 μm in thickness as a spacer. The structures were then written on the silicon chip via 
TPL. The finished sample was developed in PGMEA for 30 min followed by an immersion 

in IPA for 5 min.

Scanning Electron Microscopy

SEM imaging was performed using a FEI Versa 3D DualBeam (FEI co.).

Energy Dispersive X-Ray Spectroscopy

EDS was conducted using a Zeiss 1550VP FESEM equipped with an Oxford X-Max SDD 

X-ray Energy Dispersive Spectrometer (EDS) system. The applied voltage was 15 kV. The 

samples were coated with a 10 nm carbon layer prior to measurement.
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X-ray Photoelectron Spectroscopy

XPS was performed under 10-9 Torr with a Surface Science Instruments M-Probe ESCA 

controlled by Hawk Data Collection software. The X-ray source was a monochromatic Al 

Kα line at 1486.6 eV. All spectra were collected using a spot size of 800 μm. A low-energy 

electron flood gun was used to minimize charging effects. Survey scans from 0 to 1000 eV 

using a pass energy of 150 eV and a step size of 1 eV were performed to identify the 

elements that were present on the surface. The XPS data were analyzed using CasaXPS 

2.3.17.

Contact Angle Measurements

The contact angle data were obtained using a contact angle goniometer equipped with an 

AmScope Microscope Camera model MU300. A syringe was used to place a water droplet 

on the surface of the polymer plates. The image was captured 10 seconds after the drop was 

placed and then analyzed using ImageJ and DropSnake (software developed at Ecole 

Polytechnique Federale De Lausanne). Each reported contact angle was the average of four 

different measurements.

Orange II Amine Test

Adapted from Noel et al.[53] Plates of PETTA/N-BOC were written on the functionalized 

glass slides using TPL. The plates were deprotected in a solution of TFA and DCM (50/50 

vol%) for 60 minutes. The Orange II dye solution was prepared using Mili-Q water adjusted 

to pH 3 using hydrochloric acid. The plates were then immersed in a 7 mL Orange II acidic 

solution (14 mg/mL) for 30 minutes at 40°C. The plates were then rinsed 5 times using the 

pH 3 solution to remove excess dye and then dried with argon. The colored plates were then 

immersed in a known volume of alkaline solution at 40°C (Milli-Q water adjusted to pH 12 

with a 1M NaOH solution). When the plates were no longer colored, they were removed 

from the solution and the pH of the solution was adjusted to pH 3 by adding concentrated 

hydrochloric acid. The absorbance of the solution containing the desorbed dye was then 

measured at 480 nm. The measured absorbance was then correlated to the concentration of 

Orange II in solution via the use of a calibration curve.

Fluorescence Tagging Experiments

The PETTA/N-BOC and PETTA/N-BOC(Cys) samples were written on the functionalized 

glass slides using TPL. The fabricated samples were first deprotected by soaking them in a 

solution of TFA and DCM (50/50 vol%) for 15 min. The samples were then soaked in an 

excess aqueous solution of sodium bicarbonate, followed by excess de-ionized water. To 

prepare the fluorescence molecule, 10 mg of NHS Fluorescein was dissolved in 3 mL of 

DMF. The sample was then immersed in the solution of NHS Fluorescein/DMF solution, 

which was then left in the dark for 60 min. To remove the unreacted NHS Fluorescein, the 

samples were soaked in DMF for 15 min and then for another 15 min in de-ionized water. 

The samples were then dried using an air gun and then stored in the dark.
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Fluorescence Microscopy

The fluorescence images were obtained using a Nikon Eclipse Ti-E and the software Micro-

Manager (developed by University of California, San Francisco). The objective lens used 

was a 40× air objective. Bright field images were imaged in transmission mode. 

Fluorescence images were imaged using a broad-spectrum mercury lamp with an excitation 

filter between 457 – 487 nm and a fluorescence emission filter between 502 – 538 nm. All 

the samples were excited for 5 ms each.

Confocal Fluorescence Microscopy

Fluorescein-labeled structures were visualized using a confocal laser scanning microscope 

Zeiss model LSM 800 equipped with a 20× water immersion objective (Achroplan, NA = 

0.5). The structures were directly mounted in the objective immersion water. A 488 nm laser 

line was used for excitation and the emission was measured between 500 nm and 550 nm. 

We acquired z-stacks with 1 um spacing between successive slices. Imaris (developed by 

Bitplane) was used to generate 3-dimensional visualization and movies of our structures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
a) Chemical structure of the functional monomers synthesized by reacting pentaerythritol 

tetraacrylate with a thiol via the thiol-Michael reaction. Representative product shown. SEM 

images of the architected materials written with b) PETTA/CH2CF3, c) PETTA/LCF, d) 

PETTA/PFP, e) PETTA/BM, f) PETTA/SiOMe, g) PETTA/OH, h) PETTA/Octane, i) 

PETTA/N-BOC and j) PETTA/N-BOC(Cys). The functional group attached can be seen via 

the inset in each panel. Details of the geometries used can be found in the Supporting 

Information.
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Figure 2. 
Energy dispersive X-ray spectroscopy elemental maps for a) PETTA/PFP, b) PETTA/LCF, c) 

PETTA/CH2CF3, d) PETTA/SiOMe, e) PETTA/N-BOC, f) PETTA/N-BOC(Cys), g) 

PETTA/BM, h) PETTA/OH, i) PETTA/Octane. For each set of images, the first image is the 

SEM image; the second image is the sulfur Kα1 map, and the third image (if applicable) the 

distinguishable element map. Insets shows the functional group attached.
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Figure 3. 
Measurements of the static contact angle of a water droplet on a plate of a) PETTA (control) 

(65°), b) PETTA/OH (52°), c) PETTA/Octane (90°) and d) PETTA/LCF (103°). All 

functionalized plates had markedly different contact angles from that of the control, 

highlighting the effect of functionalization on surface properties. Insets show the functional 

groups attached.
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Figure 4. 
Fluorescence images of 2D structures of a) PETTA, b) PETTA/N-BOC(Cys) and c) 

PETTA/N-BOC. Fluorescence images of 3D architected materials of d) PETTA, e) 

PETTA/N-BOC(Cys) and f) PETTA/N-BOC. Each set of images has a bright-field (BF) 

image and a corresponding fluorescence image (FL). Confocal fluorescence images of g) 

PETTA/N-BOC(Cys) and h) PETTA/N-BOC.
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