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Abstract

Interfacial visible light-mediated thiol-ene photo-click reactions were developed for preparing

step-growth hydrogels with multilayer structures. The effect of a non-cleavage type photoinitiator

eosin-Y on visible light-mediated thiol-ene photopolymerization was first characterized using in

situ photo-rheometry, gel fraction, and equilibrium swelling ratio. Next, spectrophotometric

properties of eosin-Y in the presence of various relevant macromer species were evaluated using

UV/Vis spectrometry. It was determined that eosin-Y was able to re-initiate thiol-ene photo-click

reaction even after light exposure. Due to its small molecular weight, most eosin-Y molecules

readily leached out from the hydrogels. The diffusion of residual eosin-Y from pre-formed

hydrogels was exploited for fabricating multilayer step-growth hydrogels. Interfacial hydrogel

coating was formed via the same visible light-mediated gelation mechanism without adding fresh

initiator. The thickness of the thiol-ene gel coating could be easily controlled by adjusting visible

light exposure time, eosin-Y concentration initially loaded in the core gel, or macromer

concentration in the coating solution. The major benefits of this interfacial thiol-ene coating

system include its simplicity and cytocompatibility. The formation of thiol-ene hydrogels and

coatings neither requires nor generates any cytotoxic components. This new gelation chemistry

may have great utilities in controlled release of multiple sensitive growth factors and

encapsulation of multiple cell types for tissue regeneration.
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INTRODUCTION

Polymeric biomaterials with multilayer structures have great potential in biomedical

applications, such as construction of complex tissues,1, 2 controlled release of multiple drugs

at different rates,3–8 and immunoisolation for allo- or xeno-grafts.9, 10 Many physical and

chemical cross-linking methods have been developed for fabricating multilayer polymers or

hydrogels. For example, polyelectrolytes with opposite charges could be self-assembled into

multilayer films or membranes.4, 6, 7, 11 These layer-by-layer (LbL) approaches have been
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used successfully in producing films with nano-scale thickness for applications such as

controlled drug delivery and cell surface coating.4, 7, 12 However, the building blocks for

LbL films usually comprise positively charged polymers that are potentially cytotoxicity.

Further, the LbL assembly processes are often lengthy and may not be ideal for

encapsulating sensitive cells. Other disadvantages include limitations in bioconjugation and

drug loading capacity, as well as instability of the physically bonded films in vivo. The

utility and diversity of multilayer biomaterials would greatly benefit from a chemically

cross-linking method that provides long-term material stability, simplicity in coating

procedures, and diversity in bioconjugation.

An attractive method to fabricate stable multilayer polymers or hydrogels is

photopolymerization. Photopolymerization offers many benefits, including rapid and mild

cross-linking conditions, as well as spatial-temporal control in polymerization kinetics that

permits the creation of complex material structures and functionalities.13–15 A common

approach to fabricate multilayer hydrogels is to prepare a layer of gel with pendent

(meth)acrylate moieties that serve as anchors for subsequent homopolymerization of

(meth)acrylated monomers.16, 17 Either UV or visible light could be used to cross-link

multilayer polymers, as long as appropriate initiator species are included in the subsequent

monomer solutions. On the downside, current photopolymerization systems for forming

hydrogels carry risks of cellular damages caused by UV light, radical species, and other

cytotoxic compositions required in cross-linking reactions. Furthermore, currently available

photochemistries for forming multilayer hydrogels are all based on chain-growth

polymerizations that may not be ideal for some cell and protein encapsulation.18, 19

Multilayer hydrogels could be fabricated using a light-independent approach. For instance,

Bowman and colleagues have developed an enzymatic coating procedure for forming

multilayer hydrogels.20–22 The formation of hydrogel coating on a core gel was mediated by

glucose oxidase (GOx), which reacts with its substrate glucose released from a core gel to

generate hydrogen peroxide (H2O2). Hydrogen peroxide further reacts with ferrous ions

(Fe2+) to generate hydroxyl radicals, which initiate chain-growth polymerization through

vinyl monomers. To control thickness of the hydrogel coating, one could simply control the

reaction time or adjust concentrations of various components in the monomer solutions.21, 22

However, since this polymerization method is light-independent, it also loses the benefits of

photopolymerizations. Another disadvantage of this method is that a total of three initiating

species (glucose oxidase, glucose, Fe2+) are required, which complicate material

preparation. Finally, this enzymatic reaction produces highly cytotoxic H2O2 and requires

the addition of a second enzyme, catalase, to increase the cytocompatibility of this method

for cell encapsulation.20

We have recently introduced a cytocompatible visible light-mediated thiol-ene photo-click

reaction scheme that utilizes only a single visible light sensitive photoinitiator (eosin-Y) to

initiate rapid and controllable gelation.23 This method preserves all benefits offered by step-

growth thiol-ene photopolymerizations, such as rapid and mild gelation conditions, high

cytocompatibility, no oxygen inhibition, idealized network structure, and capability of post-

gelation modification in the presence of encapsulated cells.13, 18, 19, 24, 25 Furthermore, this

gelation method not only uses visible light (400 nm < λ < 700 nm) to initiate gel cross-
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linking, but also greatly simplifies conventional visible light photopolymerization

procedures by eliminating the use of co-monomer species.23

In this contribution, the unique visible light-mediated thiol-ene gelation was used to form

multilayer hydrogels with very simple experimental setup. We first studied the influence of

eosin-Y, either freshly prepared or recovered from a pre-formed gel, on thiol-ene hydrogel

cross-linking efficiency and resulting hydrogel properties. We have also developed an

interfacial thiol-ene photo-click reaction to fabricate multilayer step-growth hydrogels. The

multilayer gels were formed via sequential visible light exposure on precursor solutions

containing only macromers (no new initiator is required). We have also explored various

parameters to control coating thickness. This system offers an alternative methodology for

preparing hydrogel materials with complex layered structures for controlled release and

tissue engineering applications.

EXPERIMENTAL SECTION

Materials

Eosin-Y disodium salt was purchased from Fisher Scientific. 4-arm poly(ethylene glycol)

(PEG, 20 kDa) was purchased from JenKem Technology USA. Linear PEG (10 kDa) and all

other chemicals were obtained from Sigma-Aldrich unless noted otherwise.

Synthesis of PEG macromers

PEG-tetra-norbornene (PEG4NB) and PEG-di-norbornene (PEGdNB) were synthesized

using an established protocol.13, 26 Briefly, 5-norbornene-2-carboxylic acid (5-fold excess of

OH group on PEG) and coupling reagent N,N′-dicyclohexylcarbodiimide (DCC, 2.5-fold

excess of OH group) were added to anhydrous dichloromethane (DCM). The mixture was

stirred at room temperature for 30 minutes and the resulting norbornene anhydride was

filtered into an addition funnel and added to a flask containing PEG (4-arm or linear), 4-

(dimethylamino) pyridine (DMAP, 0.5-fold of OH group), and pyridine (0.5-fold of OH

group) dissolved in anhydrous DCM. The flask was kept in an ice bath and allowed to react

overnight in dark. The product was washed with 5 % sodium bicarbonate solution twice, 2

% hydrochloric acid twice, and brine once. The product was stirred for an hour with

anhydrous sodium sulfate, followed by precipitation in cold ethyl ether. 1H NMR (Bruker

500) was used to confirmed high degree of PEG functionalization (> 90 %).

Hydrogel fabrication and characterization

Step-growth thiol-ene hydrogels were formed by visible light mediated photo-click reactions

between macromer PEG-norbornene and cross-linker dithiothreitol (DTT).23 A unity

stoichiometric ratio of thiol to ene was used in all experiments. Photoinitiator eosin-Y

(concentration: 0.1 to 2.0 mM) was added to the precursor solution and the gelation was

accomplished after exposing the solution to a halogen cold light lamp (AmScope Inc.) for 4

minutes at 70,000 Lux. Gel fractions and swelling ratios were characterized as reported

previously without modification.26
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In situ photo-rheometry was performed at room temperature in a Bohlin CVO 100 digital

rheometer equipped with a light cure cell. A macromer solution was placed on a quartz plate

in the light cure cell and irradiated with visible light through a flexible light guide. Visible

light was turned on 30 seconds after starting time-sweep measurement (10 % strain, 1 Hz

frequency, 0.1 N normal force, and a gap size of 100 μm) using a 25 mm parallel plate

geometry. The moduli in the linear viscoelastic region (LVR) were reported. Gel points (i.e.,

crossover time) were determined at the time when storage modulus (G′) surpassed loss

modulus (G″).

Retention and recovery of eosin-Y in hydrogels

Immediately after polymerization, hydrogel discs (8 mm diameter × 1 mm height) were

immersed into scintillation vials containing 2 mL of PBS (pH 7.4) at 37 °C. At specific time

points, a portion of solution (200 μL) was transferred to a clear 96-well plate and fresh PBS

was added to maintain a constant volume (2 mL). Absorbance (516 nm) of the collected

samples was measured by a microplate reader (BioTek Synergy HT) and correlated to a

standard curve generated from known concentrations of eosin-Y. Mass balance calculations

were performed to determine the quantity of eosin-Y retained in the hydrogels. In a similar

manner, eosin-Y was recovered from the buffer and the concentration was determined by

absorbance measurement using eosin-Y solutions with known concentrations.

UV/Vis absorbance of eosin-Y containing samples

Eosin-Y and various components (i.e., DTT, PEGdNB) were dissolved in PBS (pH 7.4) and

exposed to visible light for 4 minutes. Non-gelling macromers were used (e.g., PEGdNB) to

prevent gelation and facilitate solution-based UV/Vis spectrometric measurements.

Concentrations of the components were equivalent to those used in gelation studies. The

spectra of the solutions were measured between 400 and 600 nm at 1 nm increment using a

microplate reader (BioTek Synergy HT) in UV/Vis absorption mode. Prior to measurements,

the solutions were diluted down to equivalent of 0.02 mM eosin-Y to ensure that the

absorbance values measured were within the linear range of a standard curve generated

using known eosin-Y concentrations.

Multilayer hydrogel fabrication and characterization

Immediately following polymerization, PEG4NB-DTT hydrogels (25 μL, 5 mm diameter)

were placed in a circular mold (8 mm diameter mold) containing macromer solution that

includes PEG4NB and DTT. In some samples, 5 % of 0.2 μm Fluoresbrite® blue

microparticles (Polysciences) were added for imaging purpose. These samples were exposed

to the same visible light source as described earlier. Immediately after the removal of un-

polymerized macromer solution, the dual-layer gels were imaged using a fluorescence

microscope (Nikon-Ti). Gel coating thickness was defined from the intercept of red and blue

fluorescence to the edge of outer layer and was characterized by fluorescent image analysis

from at least three samples per condition. Note that eosin-Y has intrinsic red fluorescence.

In the three-layer hydrogel experiment, all layers were formed with 10 wt% PEG4NB and

DTT at a unity stoichiometric ratio. Gels were prepared in a 1 mL syringe with the tip cut

off. The bottom layer was formed under visible light (70,000 Lux) for 4 minutes using 2.0
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mM eosin-Y as the only photoinitiator. The macromer precursor solutions in the middle and

top layers (25 μL each) contained only PEG4NB and DTT (microparticles in the top layer

were added for visualization purpose). These layers were formed by sequential visible light

exposure for 10 minutes each (200,000 Lux). The formation of the thick coating gel

construct was achieved in a similar manner. A gel disc (2 mm diameter × 1 mm height) was

pre-formed using 2 mM eosin-Y and placed in a 1 mL syringe filled with macromer solution

(10 wt% PEG4NB and DTT). The set up was exposed under visible light through a

gooseneck light guide (200,000 Lux) for 10 minutes.

RESULTS AND DISCUSSION

Effect of eosin-Y concentration on visible light initiated thiol-ene hydrogel cross-linking

We have recently shown that the cross-linking of step-growth thiol-norbornene hydrogels

could be initiated by visible light exposure with eosin-Y as the only photoinitiator.23 The

major difference between this new gelation scheme and the conventional visible light-

mediated chain-growth hydrogel synthesis is that no additional co-initiator or co-monomer is

needed to achieve rapid gelation. Here, this unique, simple, yet effective

photopolymerization method was further explored for preparing step-growth hydrogels with

multilayer structures. We first investigated the effect of initiator concentration on thiol-ene

gelation kinetics. For thin samples such as those cured in the in situ photo-rheometry studies

(100 μm, Fig. 1A), increasing eosin-Y concentration resulted in faster gelation rate as

demonstrated by the rapid gel points shown in Fig. 1B. For example, gelation using 2.0 mM

eosin-Y reached gel point within 2 seconds or 10-fold faster than gelation with 0.1 mM

eosin-Y (gel point ~24 seconds). The final elastic moduli of these thin gels, however, were

ranging between ~6.4 kPa to ~9.1 kPa for different eosin-Y concentration used (0.1 to 2.0

mM, Fig. 1A). As shown in Scheme 1, eosin-Y was sensitized to an exited state upon visible

light exposure.27 The excited eosin-Y carbanion is capable of extracting hydrogen from

proton-donating thiols, such as DTT or cysteine-bearing peptides/proteins, to generate thiyl

radicals responsible for initiating thiol-ene photopolymerization and gelation.13 The process

repeats in a rapid step-growth manner to form a thiol-ene hydrogels.26 Therefore, higher

eosin-Y concentration leads to a higher initiation rate and faster gelation.

While more initiators in the precursor solution accelerated initiation rate in thin hydrogel

samples, higher eosin-Y concentration negatively affected network cross-linking efficiency

in bulky hydrogels under the same gelling conditions (i.e., polymerization time and light

intensity). This phenomenon was especially prominent for thicker gels. We fabricated thiol-

ene hydrogels with two thicknesses (1 and 3 mm) using different eosin-Y concentrations

(0.1 to 2.0 mM, polymerized for 4 minutes) and characterized gel fractions and equilibrium

swelling ratios. As shown in Fig. 2A, while thinner gels (e.g., 1 mm) had high gel fraction

(>95 %) regardless of eosin-Y concentrations, thicker gels (e.g., 3 mm) prepared with 2.0

mM eosin-Y had significantly lower gel fractions (72.5 ± 0.7 %) compared to gels prepared

with 0.1 mM eosin-Y (90.5 ± 3.3 %). In general, gels with lower gel fractions reached

higher equilibrium swelling ratios due to lower cross-linking efficiencies (Fig. 2B).26

Interestingly, gels prepared with 1 mm thickness also exhibited higher swelling ratios at

high eosin-Y concentrations (i.e., 1.5 and 2.0 mM), even though the dependency with eosin-
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Y concentration was less prominent compared to thicker gels. At higher eosin-Y

concentrations, there is a higher tendency of eosin-Y quenching and termination that results

in pendent polymer chains (Scheme 1). While this type of network non-ideality did not

cause reduction in gel fraction, it effectively decreases network cross-linking density that

leads to higher gel swelling. For example, although all samples having a thickness of 1 mm

have a similar gel fraction, the effects of light attenuation and eosin-Y quenching resulted in

increased swelling ratio at high eosin-Y concentrations (e.g., 1.5 and 2.0 mM, Fig. 2).

Comparing data presented in Fig. 1 and Fig. 2, it is clear that while eosin-Y serves as a

visible light photoinitiator for thiol-ene reactions, it may also hinder network cross-linking,

especially at a higher concentration or when it was used to form thicker gels. The lower

gelation efficiency at a higher eosin-Y concentration was believed to be a result of a higher

degree of light attenuation in thicker samples caused by the red eosin-Y. Light attenuation

may result in slight network heterogeneity following cross-linking. However, due to the

nature of orthogonal step-growth thiol-ene chemistry, these thiol-ene hydrogels will

inherently be more homogeneous than all other chain-growth photopolymerized hydrogels.

If desired, other parameters (e.g., light intensity and macromer concentrations) could be

tuned to improve network cross-linking at higher eosin-Y concentration.23

Eosin-Y retention in thiol-ene hydrogels

As shown in Fig. 3A, gels cross-linked using higher eosin-Y concentrations appeared redder,

even after extended (48 hours) incubation in PBS to leach out the residual dye. In addition,

we found that a significant amount of eosin-Y became permanently sequestered in the gels

in an eosin-Y concentration dependent manner (Fig. 3B). For example, after 48 hours

incubation in PBS, roughly 26 nmol (or 25%) of eosin-Y retained in hydrogels fabricated

using 2.0 mM eosin-Y. The sequestration of eosin-Y in these hydrogels was more noticeable

in gels cross-linked with higher eosin-Y concentrations. The use of higher eosin-Y

concentrations (2.0 mM), however, did not affect the viability of encapsulated human

mesenchymal stem cells (hMSCs) as shown in our previous studies.23

The sequestration of eosin-Y in PEG hydrogels (mesh size: ~20 nm for 10 wt% PEG4NB-

DTT hydrogels) was unexpected because it was unlikely for eosin-Y (MW ~692 Da) to be

physically ‘trapped’ within the highly swollen and permeable gels. Based on the principles

of radical polymerization, one potential explanation for the sequestration of eosin-Y is the

quenching or termination reaction of protonated and radical-bearing eosin-Y (EY-H•) due to

reactions with live carbonyl radicals on cross-linked PEG-norbornene or thiyl radicals on

pendent DTT (Scheme 1). A second possibility for the retention/sequestration of eosin-Y in

the hydrogels was the existence of binding affinity between eosin-Y and these PEG

hydrogels. To test the hypothesis of potential binding affinity between eosin-Y and thiol-ene

hydrogel, UV/Vis absorbance spectra of eosin-Y before and after visible light exposure were

assessed in the presence of different relevant components (i.e., PEGdNB, DTT, or both)

separately. The results shown in Fig. 4A indicate that visible light exposure did not

significantly affect the absorbance signature of eosin-Y (both maximum absorbance and

peak wavelength). On the other hand, the inclusion of DTT not only decreased ~52 % of

maximum absorbance, but also caused a slight shifting of eosin-Y peak wavelength from
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517 nm to 505 nm (Fig. 4B), suggesting the occurrence of photochemical reaction between

DTT and eosin-Y. Interestingly, a shifting of peak wavelength from 516 nm to 522 nm was

observed in the presence of PEGdNB with minimal change in maximum absorbance (Fig.

4C). No spectrophotometric difference was found when PEGdNB was replaced with

hydroxyl-terminated PEG (data not shown). Further, visible light exposure in the presence

of eosin-Y, PEGdNB, and DTT (i.e., with thiol-ene reactions) resulted in a higher degree of

reduction in eosin-Y maximum absorbance (~64 %), while the peak wavelength shifted from

522 nm to 510 nm (Fig. 4D), a phenomenon similar to that shown in Fig. 4B. The shifting in

peak wavelength from 516 nm to 522 nm without chemical reaction suggests binding

affinity between eosin-Y and PEG (potentially due to hydrogen bonds). On the other hand,

visible light exposure in the presence of chemically reactive species (e.g., DTT and

PEGdNB) caused a shifting of peak wavelength back to a lower value (i.e., 12 nm

difference). This phenomenon implies a change in eosin-Y molecular structure, potentially

due to reactions between excited eosin-Y and the reactive macromer species (e.g., adduct to

PEG hydrogel network).

Formation of thiol-ene hydrogels using released eosin-Y

As described earlier, excess eosin-Y was released into the buffer solution during hydrogel

swelling. From results shown in Fig. 4, it is clear that eosin-Y, even after light exposure, still

absorbs light in the visible light range. Since eosin-Y is not a cleavage type photoinitiator,

we hypothesized that the excess eosin-Y could be used to initiate additional thiol-ene photo-

click reactions. To demonstrate this feasibility, the spectrophotometric property of eosin-Y

recovered from a pre-formed hydrogels was evaluated and compared to freshly prepared

eosin-Y at an equivalent concentration (0.02 mM). The absorbance spectrum of the

recovered eosin-Y overlaps with freshly prepared eosin-Y and still peaked at 516 nm (Fig.

4E), suggesting that eosin-Y could be re-excited for sequential cross-linking reactions. It is

important to note that in Fig. 4B and Fig. 4D, the measurements were conducted in the

presence of reactive species while the samples used in Fig. 4E were recovered eosin-Y from

a cross-linked PEG gels. When recovered eosin-Y (at 0.1 mM) was used to initiate visible

light-mediated thiol-ene gel cross-linking, the gel point was roughly 10 seconds slower

compared to gelation using fresh eosin-Y (Fig. 5). Furthermore, a significantly lower elastic

modulus (~3.6 and ~6.4 kPa for gels prepared using recovered and fresh eosin-Y,

respectively) after 240 seconds of light exposure (Fig. 5) and a lower gel fraction was

obtained (92% and 99% for 1 mm thick gels prepared with recovered and fresh eosin-Y,

respectively). While the recovered eosin-Y does not have the same initiation capacity

compared to freshly prepared eosin-Y, it is important to note that the eosin-Y concentration

was kept low at 0.1 mM and a higher concentration may be used to compensate the slightly

lower initiation capacity. Nonetheless, recovered eosin-Y retained the ability to re-initiate

thiol-ene photopolymerization to fabricate hydrogels or conjugate biomolecules.

Interfacial thiol-ene photopolymerization

Based on the previous experimental results, we hypothesized that the residual and released

eosin-Y from a pre-formed gel could be utilized to fabricate multilayer hydrogels (Fig. 6A).

To prove this, we first prepared a thiol-ene hydrogel disc by visible light-mediated gelation

using 2 mM eosin-Y as the photoinitiator. Following cross-linking, the gel was immediately
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immersed in a second macromer solution containing only PEG4NB and DTT (blue

microparticles were added for imaging purpose). The construct was exposed to the same

visible light source and a thin layer of thiol-ene hydrogel coating was formed surrounding

the core gel (Fig. 6A). From the fluorescence intensities of the hydrogel layers shown in Fig.

6B, the gel coating contained a pure red layer (from residual eosin-Y), a pure blue layer

(from incorporated microparticles), and an intermediate purple zone. This partial overlap in

fluorescence intensity profiles suggests the existence of molecular association between the

two layers. Although we could not rule out the possibility of image artifacts, a similar

phenomenon was observed in the GOx-mediated multilayer coating system developed by

Johnson et al.21 The thiol-ene coating was found to extend beyond the purple zone (~130

μm in thickness, Fig. 6B), indicating that cross-linking of the coating was not limited to the

diffusional distance of eosin-Y. It was possible that the small thiyl radical-bearing DTT

(MW: 154.25 Da) diffused rapidly away from the core gel and caused thiol-ene reactions

and cross-linking in areas beyond the diffusional distance of eosin-Y. In addition, small

DTT molecules could easily penetrate the core gel and react with the unreacted norbornene

moiety, thus increasing the bonding between layers upon light exposure.

The thiol-ene interfacial photopolymerization developed here is similar to the GOx-

mediated coating system developed by Johnson and Bowman et al.20–22 and the interfacial

PEG-diacrylate (PEGDA) photopolymerization system pioneered by Hubbell et al.3, 9, 28–30

The major differences between our system and the previous ones are two-fold: (1) our

coating chemistry is a step-growth gelation mechanism, and (2) the macromer solution used

in our thiol-ene interfacial coating procedures contained only macromers (i.e., PEG4NB and

DTT) without additional co-initiator or co-monomer. Further, our controlled experiments

demonstrated that this interfacial cross-linking was not due to initiator-free thiol-ene

photopolymerization as gelation was not observed after prolonged light exposure (> 1 hour)

without the presence of eosin-Y (data not shown).

Controlling the thickness of thiol-ene coating

The amount of eosin-Y released from these thiol-ene hydrogels was roughly proportional to

its initial concentration in the polymer precursor solution (Fig. 3B). Therefore, we

hypothesized that the thickness of the second gel layer could be readily controlled by

increasing either the concentration of eosin-Y in the precursor solution of the core gel or the

duration of the secondary visible light exposure, both of which allow eosin-Y to diffuse

further away from the core gel surface. Results in Fig. 7A confirmed our hypothesis that

higher eosin-Y concentration leached out from the core gel resulted in thicker hydrogel

coatings. However, Fig. 7A also shows that the growth rates of coating thickness are not

linear and decrease as time. For example, as we increased the coating time from 0.5 to 2

minutes with 0.5 mM eosin-Y in the core gel, the thickness of the coating increased non-

linearly to roughly 220 μm (Fig. 7A). Further prolonging coating time only marginally

increased the coating thickness. This behavior was likely due to a monotonic decrease in

eosin-Y concentration further away from the core gel surface, and a lower eosin-Y

concentration reduces the initiation rate of thiol-ene photopolymerization upon visible light

exposure (Fig. 1B).
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In addition to light exposure time and eosin-Y concentration in the core gel, thickness of the

thiol-ene hydrogel coating could also be controlled by the macromer concentration in the

coating precursor solution. For example, increasing macromer concentration from 5 to 30 wt

% of PEG4NB ([DTT] was adjusted such that [SH]/[ene] = 1) increased the thickness of the

coating almost linearly from ~180 to ~1150 μm (Fig. 7B). The trend was most likely caused

by acceleration in propagation rate at higher macromer (PEG4NB) concentrations (i.e., Rp =

kp[S•][ene]). While further studies are required to elucidate the mechanism and successive

coated gel property, the linearity of coating thickness as a function of macromer

concentration provides a highly controllable way of forming gel coating with different

thicknesses. Note that while DTT was used as a model cross-linker here, other bis-cysteine-

containing peptides can be easily incorporated as cell-responsive linker. With excess amount

of norbornene groups (i.e., higher than unity ene-to-thiol ratio), mono-cysteine-bearing or

thiolated peptides/proteins can also be conjugated to render the otherwise inert PEG coating

bioactive.

Fabrication of multilayer hydrogels

We further conducted proof-of-principle studies to explore the utility of this new interfacial

gelation scheme on forming multilayer hydrogels. As shown in Fig. 8A, we synthesized a

three-layer hydrogel construct using sequential visible light mediated thiol-ene

photopolymerizations. To fabricate this simple multilayer hydrogel, we only added eosin-Y

in the bottom layer. The formation of the middle and top layers was due to the diffusion of

eosin-Y from the immediate adjacent layer. Although no additional initiator was added in

the middle and top layers, the thickness of each layer after 10 minutes visible light exposure

was similar (~2 mm). This was due to the use of a fixed pre-polymer solution volume (25

μL) in each layer and a three-fold higher light intensity (200,000 Lux) that resulted in

complete gelation. Controlled experiments also showed that the formation of multilayer gels

was not due to initiator-free polymerization as gelation did not occur (after 60 minutes light

exposure) without the presence of eosin-Y. In addition, Fig. 8B shows the formation of a

thick gel coating (~ 5 mm (dia.) × 6 mm (h) cylinder) from a thin hydrogel disk (2 mm (dia.)

× 1 mm (h)). This coating was formed without the inclusion of additional initiator in the

coating macromer solution. More importantly, light attenuation was not a significant issue in

forming this thick construct because there was no eosin-Y in the precursor solution and the

gel cross-linking reaction was initiated from the surface of the core gel. The results of Fig.

8A and 8B show that the formation of the multi-layer construct was not solely due to eosin-

Y diffusion but surface-mediated polymerization. In the previous study (Fig. 7), eosin-Y

diffusion might have played a more significant role resulting in limited growth in gel

thickness. In Fig. 8, surface-mediated polymerization might have played a more significant

role in allowing the growing of subsequent gel layers beyond the diffusional distant of

eosin-Y. Although long exposure time and higher light intensity (200,000 Lux) were used in

forming these thick multilayer hydrogels, the thickness could also be easily controlled via

manipulating coating time, macromer concentration, and eosin-Y content as shown in Fig. 7.

Due to the step-growth nature of the reactions, we believe that the properties in each layer

will remain similar. However, from the view point of constructing biomimetic tissues with

multi-layer constructs, it is actually beneficial to have layer of gels with different properties.
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Future studies will focus on generation and characterization of multilayer gel structures with

different material properties (e.g., crosslinking density, reaction kinetics, etc.).

While conventional visible light-mediated photopolymerization techniques could be used to

fabricate multilayer hydrogels,16, 31, 32 additional initiating species and co-monomers are

required to generate sufficient radicals for initiating cross-linking. Furthermore, prior visible

light gelation systems were all based on chain-growth photopolymerization that has been

shown detrimental to sensitive cells and growth factors.18, 19 Chain-growth polymerized gels

also have heterogeneous network structures,29 which may not be ideal for releasing

therapeutically-relevant molecules. The unique visible light-mediated interfacial thiol-ene

gel coating system is comparable to the glucose oxidase (GOx) mediated gel coating system

reported by Bowman and colleagues.20–22 The GOx-mediated gel coating system, however,

uses multiple initiator components (i.e., GOx, glucose, and ferrous ion) to initiate

polymerization reactions. Because the process produces highly cytotoxic hydrogen peroxide

(H2O2), a second enzyme, catalase, has to be included in the macromer solution to prevent

cellular damage. Another disadvantage of GOx-mediated polymer coating system is that

GOx, being a bulky enzyme (Rh ~43 Å), has a tendency of being trapped within the growing

polymer layer. The presence of this additional component in the gel coating may cause

unwanted complications. The interfacial thiol-ene gelation scheme presented here

overcomes many disadvantages associated with other multilayer hydrogel systems and

additional work is underway to exploit the utilities of this gel coating system in tissue

engineering applications.

CONCLUSION

In conclusion, we have developed a simple yet effective visible light-mediated interfacial

thiol-ene photopolymerization scheme that can be used to create multilayer gel structures for

biomedical applications. In addition to characterizing the effects of eosin-Y concentration on

gel cross-linking efficiency, we also verified that part of the eosin-Y retained its ability to

re-initiate thiol-ene photo-crosslinking. Utilizing this unique property, we have further

designed step-growth hydrogels with multilayer structures and a wide range of thicknesses

(from tens of microns to a few millimeters). No additional initiator is required in the

preparation of hydrogel coating or multilayer gel, given that sufficient eosin-Y is available

from the core or adjacent hydrogel layers. This complete step-growth multilayer hydrogel

system does not require and does not generate any cytotoxic components. Therefore, these

multilayer gels may serve as a highly cytocompatible platform for creating complex

multifunctional tissue substitutes.
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Figure 1.
Effect of eosin-Y concentration on (A) gelation kinetics and (B) gel points of PEG4NB-DTT

hydrogels formed by visible light-mediated thiol-ene photopolymerization. (PEG4NB: 10 wt

%; N = 3; Mean ± S.D.)
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Figure 2.
Effect of gel thickness and eosin-Y concentration on (A) gel fraction and (B) equilibrium

swelling ratio of PEG4NB-DTT hydrogels formed by visible light-mediated thiol-ene

photopolymerization for 4 minutes. (PEG4NB: 10 wt%; N = 3; Mean ± S.D.)
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Figure 3.
(A) Photographs of thiol-ene hydrogels formed by visible light-mediated, eosin-Y initiated

thiol-ene photopolymerizations before (left) and after (right) swelling for 48 hours (eosin-Y

concentration from left to right: 0.1, 0.5, 1.0, 1.5, 2.0 mM). (B) Effect of eosin-Y

concentration on its retention in thiol-ene hydrogels. (PEG4NB: 10 wt%; N = 3; Mean ±

S.D.)
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Figure 4.
UV/Vis spectra of eosin-Y before (solid line) and after (dashed line) visible light exposure

for 4 minutes in the presence of different components: (A) eosin-Y only; (B) eosin-Y and

DTT; (C) eosin-Y and PEGdNB; (D) eosin-Y, PEGdNB, and DTT. Wavelengths indicated

in each figure represent the peak absorbance before (top) and after (bottom) light exposure.

(E) UV/Vis spectra of freshly prepared (solid line) and recovered (dashed line) eosin-Y. The

wavelength of the peak absorbance for both samples was at 516 nm. Eosin-Y concentration

in all measurements: 0.02 mM (N = 3).
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Figure 5.
Evolution of elastic (G′) and viscous (G′) moduli during in situ gelation of PEG4NB-DTT

using fresh or recovered eosin-Y at 0.1 mM as photoinitiator (PEG4NB: 10 wt%, N = 3).

Error bars were neglected for clarity.
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Figure 6.
(A) Fluorescence micrograph and (B) intensity profile of a dual-layer hydrogel formed by

sequential visible light-mediated thiol-ene photopolymerization. Red and blue fluorescence

were from the eosin-Y added in the core gel and blue microparticles added in the coating

macromer solution, respectively. (10 wt% PEG4NB-DTT pre-formed gel with 2.0 mM

eosin-Y, 10 wt% PEG4NB-DTT and 2 minutes of secondary polymerization, 5 % blue

particles, Scale bar: 200 μm)
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Figure 7.
(A) Effect of secondary visible light exposure time (or coating time) and eosin-Y

concentration in the core gel on the thickness of thiol-ene hydrogel coating. (B) Effect of

PEG4NB macromer concentration on the thickness of thiol-ene hydrogel coating (eosin-Y in

the core gel: 2.0 mM; coating time: 2 min). Core gels were fabricated with 10 wt%

PEG4NB. (N = 3; Mean ± S.D.)
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Figure 8.
(A) Photograph of a three-layer thiol-ene hydrogel formed from sequential visible light-

mediated thiol-ene photopolymerization. PEG4NB macromer concentration was 10 wt% in

each layer. Eosin-Y concentration in the bottom layer was 2.0 mM. 5 wt% of blue

microparticles was added in the top layer for visualization purpose. (B) Photograph of an

example small gel disc (left, 2 mm Dia. x 1 mm H) used to fabricate a thick gel coating

(right, 6 mm Dia. x 6 mm H). (Note: gel in the left curled up due to partial drying)
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Scheme 1.
Initiation and polymerization mechanisms for visible light-mediated thiol-ene

photopolymerization using eosin-Y (EY) as the sole photoinitiator. The reactions result in

gel cross-linking as R1-SH and R2-norbornene represents a bi- and tetra-functional cross-

linker, respectively.
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