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ABSTRACT: Rapid adhesion between tissue and synthetic materials is relevant
to accelerate wound healing and to facilitate the integration of implantable
medical devices. Most frequently, tissue adhesives are applied as a gel or a liquid
formulation. This manuscript presents an alternative approach to mediate
adhesion between synthetic surfaces and tissue. The strategy presented here is
based on the modification of the surface of interest with a thin polymer film that
can be transformed on-demand, using UV-light as a trigger, from a nonadhesive
into a reactive and tissue adhesive state. As a first proof-of-concept, the feasibility
of two photoreactive, thin polymer film platforms has been explored. Both of
these films, colloquially referred to as polymer brushes, have been prepared using
surface-initiated atom transfer radical polymerization (SI-ATRP) of 2-
hydroxyethyl methacrylate (HEMA). In the first part of this study, it is shown
that direct UV-light irradiation of PHEMA brushes generates tissue-reactive
aldehyde groups and facilitates adhesion to meniscus tissue. While this strategy is very straightforward from an experimental
point of view, a main drawback is that the generation of the tissue reactive aldehyde groups uses the 250 nm wavelength region
of the UV spectrum, which simultaneously leads to extensive photodegradation of the polymer brush. The second part of this
report outlines the synthesis of PHEMA brushes that are modified with 4-[3-(trifluoromethyl)-3H-diazirin-3-yl]benzoic acid
(TFMDA) moieties. UV-irradiation of the TFMDA containing brushes transforms the diazirine moieties into reactive carbenes
that can insert into C−H, N−H, and O−H bonds and mediate the formation of covalent bonds between the brush surface and
meniscus tissue. The advantage of the TFMDA-modified polymer brushes is that these can be activated with 365 nm
wavelength UV light, which does not cause photodegradation of the polymer films. While the work presented in this manuscript
has used silicon wafers and fused silica substrates as a first proof-of-concept, the versatility of SI-ATRP should enable the
application of this strategy to a broad range of biomedically relevant surfaces.

■ INTRODUCTION

Rapid adhesion between tissue interfaces or between tissue and
synthetic materials is sought after clinically to accelerate wound
healing and facilitate the integration of implantable medical
devices and biosensors. Sutures and staples are widely used to
mediate tissue fixation. The use of these mechanical
techniques, however, can damage surrounding tissue and lead
to scar formation. One way to overcome these drawbacks is the
use of bioadhesive materials that can form (covalent) chemical
bonds with the tissue.1−3

A number of bioadhesive material platforms, which can
chemically mediate tissue adhesion, have been developed.4−11

These include both synthetic polymeric materials, most
notably cyanoacrylates, but also PEG-based systems, as well
as biological polymers such as fibrin. Each of these systems has

distinguished advantages, but also specific limitations.
Cyanoacrylate-based adhesives, for example, provide relatively
high adhesion strengths, but are brittle and relatively inflexible.
Fibrin and PEG-based adhesives, in contrast, provide a soft
interface, but generally only provide limited adhesive strength.
Most of the adhesive materials discussed above are applied

as one or two component formulations in the form of a viscous
liquid. This only provides limited control over the amount of
material that is applied and, thus, over the thickness of the
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adhesive layer. In the case of two-component formulations,
specialized delivery syringes are required that allow the mixing
of the two components immediately before application.
Another challenge with many bioadhesives is that network
formation and interfacial bonding set in as soon as the two
components of the adhesive are mixed and brought into
contact with the tissue. As a consequence, precise control of
the activation of the adhesive is limited, which makes it difficult
to reposition or readjust the tissue−tissue or tissue−device
interface after application of the adhesive. One way to
overcome this limitation is to use external stimuli to trigger
interfacial bonding. Light is an attractive and powerful
stimulus, as it potentially allows to control adhesion in time
and space. A number of reports have been published that
describe light-activated tissue adhesives.12−21 Often, UV light
is used to initiate network formation and interfacial
bonding.13−17,21 In other cases, UV-irradiation has been used
to convert nonreactive, nonadhesive functional groups, such as
diazirines, into carbene moieties that can react to form
covalent bonds with the tissue.12,18−20

Most of the light-activated adhesives that have been reported
so far are applied as a gel or as a liquid formulation. One
interesting exception is a study in which photoreactive
diazirine moieties were attached to amine-functionalized
PLGA substrates.12 Upon photoirradiation, diazirines generate
carbenes that can insert in C−H, N−H, and O−H bonds
present in tissue. While this work demonstrated the feasibility
of the diazirine motif to photochemically mediate the
formation of robust, covalent bonds with tissue, the specific
system also suffers from a number of limitations. One
drawback is the relatively hydrophobic nature of the PLGA
film, which impedes effective wetting of the tissue. Another
limitation is the rigid nature of the PLGA substrate, which
hampers the establishment of close, interfacial contact between
the tissue and the synthetic material. One possible, general
strategy to alleviate these challenges is to modify the substrate
of interest with a thin, water-swellable, and soft polymer thin
film, which provides conformal contact with the tissue surface
and is modified with functional groups that can be transformed
on-demand using, for example, light from nonadhesive to
tissue reactive and, thus, adhesive. This article explores the
feasibility of this strategy, using thin, chain-end tethered
polymer coatings, polymer brushes, prepared via surface-
initiated atom transfer radical polymerization (SI-ATRP) as a
model system. SI-ATRP is an attractive method to prepare
these systems, as it provides relatively good control over the
molecular weight of the surface-grafted polymer (and, thus,
film thickness), as well as the chemical composition and
functionality of the resulting polymer films.22,23 The polymer
brushes investigated in this study were obtained by SI-ATRP of
2-hydroxyethyl methacrylate (HEMA). This monomer was
selected since polymer brushes containing side chain ethylene
glycol functional groups such as PHEMA and poly(poly-
(ethylene glycol methacrylate)) (PPEGMA) are well-known
for their ability to prevent nonspecific adsorption of proteins,
cells, and bacteria, as well as fungi.24−28 PHEMA brushes as a
consequence, thus, represent an attractive, nonbioadhesive
model polymer coating. To convert these nonbioadhesive
PHEMA brushes into tissue-binding coatings, two light-
mediated strategies have been explored. A first strategy
involves direct irradiation of a PHEMA brush film with UV-
light. The second strategy uses PHEMA brushes that have
been postmodified to introduce photoreactive diazirine

moieties. For each of these two classes of photoactive brush
coatings, this manuscript presents the synthesis and character-
ization of the brush films as well as their evaluation as
bioadhesive coatings in experiments that use bovine meniscus
tissue.

■ EXPERIMENTAL SECTION
Materials. All chemicals were used as received unless described

otherwise. Copper(I) chloride (99.999%), copper(II) bromide
(99.999%), copper(I) bromide (99.995+%), 2,2′-bipyridyl (bpy)
(99%), 2-bromo-2-methylpropionyl bromide, chlorodimethylsilane
(98%), dimethyl sulfoxide (DMSO, 99.5%), aniline (99.5%), N,N′-
dicyclohexylcarbodiimide (DCC, 99%), 4-(dimethylamino)pyridine
(DMAP, 99%), 2-hydroxyethyl methacrylate (HEMA, 97%), and 2-
methacryloyloxyethyl phosphorylcholine (MPC, 97%) were pur-
chased from Sigma-Aldrich. Before use, MPC was washed with cold
acetonitrile to remove the inhibitor, filtered, and dried under vacuum.
HEMA was freed from the inhibitor by passing through a column of
activated, basic aluminum oxide and distilled prior to use. Aniline was
distilled before use. 4-[3-(Trifluoromethyl)-3H-diazirin-3-yl]benzoic
acid (TFMDA, 98%) was purchased from TCI. Acetic anhydride was
purchased from Fluka. The ATRP initiator (6-(2-bromo-2-methyl)-
propionyloxy)hexyldimethylchlorosilane was synthesized as previously
reported.29 Methanol (MeOH) was purchased from Alfa Aesar.
Triethylamine was purchased from Aldrich and distilled over KOH
before use. Dichloromethane (DCM) and toluene were purified and
dried using a solvent-purification system (PureSolv). Deionized water
was obtained from a Millipore Direct-Q 5 water purification system.
For adhesion studies, polymer brushes were grown from fused silica
wafers, which had been cut into rectangular slides of ∼1.5 cm × 1.5
cm. Ellipsometry and X-ray photoelectron spectroscopy (XPS)
analyses were performed on polymer brushes, which were prepared
using 0.8 cm × 1 cm rectangular silicon substrates. Samples for UV−
vis analysis were grafted from 0.8 cm × 1 cm rectangular fused silica
substrates. Tissue specimens were harvested from mature bovine knee
joints procured from the local abattoir shortly after slaughter of the
animals (12−18 months of age). Before sample preparation, the
isolated tissue was washed in PBS, which was obtained from Thermo
Fisher Scientific.

Analytical Methods. XPS was carried out using an Axis Ultra
instrument from Kratos Analytical equipped with a conventional
hemispheric analyzer. The X-ray source employed was a mono-
chromatic Al Kα (1486.6 eV) source operated at 100 W and 10−9

mbar. Surfaces were cleaned with a Femto O2 Plasma system (200 W,
Diener Electronic). Dry film thicknesses were determined using a
SemiLAB (SE2000) ellipsometer and calculated based on a four-layer
silicon/silicon oxide/polymer brush/air model, assuming the polymer
brush to be isotropic and homogeneous. A Hamamatsu Lightningcure
L8858−02, 200 W UV lamp was used as the light source. The spectral
characteristics of this UV lamp, which has a center wavelength of 365
nm, are included in Supporting Information, Figure S1. For some
experiments, a Mercury Line Bandpass Filter with a center wavelength
of 365 ± 2 nm was used to block lower wavelength UV light (in
particular, the ∼250 nm wavelength band). UV−visible absorbance
spectra were recorded using a Varian Cary 100 Bio UV−visible
spectrophotometer at room temperature. Attenuated total reflectance
Fourier transform infrared (ATR-FTIR) spectroscopy was carried out
on a Nicolet 6700 FT-IR spectrometer from Thermo Scientific.

■ PROCEDURES
Preparation of ATRP Initiator-Modified Silica and

Fused Silica Surfaces. Silica and fused silica surfaces were
first sonicated in ethanol, water, and acetone (5 min each).
The substrates were dried under a flow of nitrogen and
exposed to oxygen plasma for 20 min. After that, the substrates
were transferred immediately to a reactor containing a 10 mM
solution of (6-(2-bromo-2-methyl)propionyloxy)-
hexyldimethylchlorosilane in dry toluene under nitrogen
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atmosphere. The reaction was allowed to proceed for 16 h at
room temperature after which the modified surfaces were
removed and washed extensively with toluene, ethanol and
DCM. All substrates were dried under a flow of nitrogen and
subsequently transferred to a reactor for SI-ATRP.
Surface-Initiated Atom Transfer Radical Polymer-

ization of 2-Hydroxyethyl Methacrylate (HEMA). Sur-
face-initiated atom transfer radical polymerization of HEMA
was carried out following an established protocol.30

Surface-Initiated Atom Transfer Radical Polymer-
ization of 2-Methacryloyloxyethyl Phosphorylcholine
(MPC). MPC (6.65 g, 22.5 mmol) was placed in a Schlenk
tube under nitrogen atmosphere. The Schlenk tube was
subsequently evacuated and filled with nitrogen three times.
Then, 2,2′-bipyridyl (bpy) (140.5 mg, 0.9 mmol), CuBr2
(10.05 mg, 0.045 mmol) and a methanol/water solution
(4:1, v:v, 15 mL) were added into another Schlenk tube. After
three freeze/pump/thaw cycles, the solution was frozen. Then,
CuBr (64.5 mg, 0.45 mmol) was added under a nitrogen flow,
and the frozen solution was thawed. The molar ratio of MPC/
CuBr/CuBr2/bpy in the reaction mixture was 50:1:0.1:2. The
mixture was stirred under nitrogen and briefly sonicated to
completely dissolve the CuBr. After an additional freeze/
pump/thaw cycle, the resulting ATRP solution was cannula
transferred to a Schlenk tube containing the MPC powder.
After complete dissolution of MPC, the reaction mixture was
cannula transferred to nitrogen-purged glass vials containing an
initiator-functionalized substrate. After 15 h, the substrate was
removed from the ATRP solution, extensively rinsed with
methanol, water, and ethanol and finally dried under a flow of
N2.
Albright-Goldman Oxidation of PHEMA Brushes. The

postpolymerization oxidation of PHEMA brushes was
performed following a previously published protocol.31

Aniline Labeling of the Aldehyde-Functionalized
PHEMA Brushes. Aniline labeling of aldehyde-functionalized
PHEMA brushes was performed following a previously
published protocol with slight modifications.32 Instead of
poly(poly(ethylene glycol) methacrylate) (PPEGMA) brush-
coated substrates and a reaction time of 24 h, aldehyde-
functionalized PHEMA brushes were used, which were
incubated in 10 mL of an ethanol solution containing 1 mL
of aniline for 5 h.
Postpolymerization Modification of PHEMA Brushes

with TFMDA. Postpolymerization modification of PHEMA
brushes with TFMDA was performed by using a previously
published protocol with slight modifications.33 In a typical
experiment, 92 mg (0.08 mmol) TFMDA and 107.2 mg (0.88
mmol) DMAP were dissolved in 24 mL dry DCM. The
resulting solution was transferred to a nitrogen purged reaction
vessel containing the PHEMA modified surfaces in 16 mL of a
DCM solution containing 91.2 mg (0.44 mmol) DCC. After

stirring the reaction solution at 0 °C for 5 min and
subsequently 1 or 16 h at room temperature, substrates were
washed extensively with DCM and ethanol and dried under a
flow of nitrogen. TFMDA concentrations ([c]) were calculated
according to the Beer−Lambert law, A = ε·l·[c], where “A” is
the measured absorbance, “ε” is the calculated molar extinction
coefficient, and “l” is the polymer brush thickness.

Adhesion Testing. The adhesive performance of the
brush-coated substrates was evaluated in the tensile mode, as
schematically illustrated in Figure S2, against fresh bovine
meniscus tissue. Cylindrical discs with a diameter of 6.8 mm
were cut in the circumferential direction from the central
region of the bovine lateral meniscus and then glued onto a
metal support using cyanoacrylate glue (LOCTITE 401). The
brush-coated fused silica samples were placed on top of the
tissue surface and then exposed to UV illumination with an
intensity of 17.3 mW/cm2 at 365 nm for a defined period.
Directly after illumination, the samples were mounted into an
Instron E3000 linear mechanical testing machine (Norwood,
MA, U.S.A.) equipped with a 50 N load cell. Tests were
performed with a constant speed of 0.5 mm·s−1 at room
temperature and the applied force was recorded. The adhesion
strength was determined by dividing the maximum detected
force by the surface area of the meniscus. As an example,
Figure S3 illustrates this experiment using a PHEMA brush
with a dry thickness of 145 nm that was exposed to UV light
for 3 min. Tests were performed until failure at the polymer
brush−tissue interface. Each test was performed with at least
five replicates. For adhesion tests on PHEMA-coated
substrates, which were activated by Albright-Goldman
oxidation, the brush-modified substrates were placed on top
of and in contact with the tissue for 3 min without UV
irradiation.

Statistical Analysis. Tensile adhesion data are presented
as the mean ± standard deviation across samples. Statistical
analysis was performed using one-way ANOVA. A p-value <
0.05 was considered statistically significant.

■ RESULTS AND DISCUSSION
The manuscript investigates the feasibility of two light-
activated polymer brush-based bioadhesive coatings. First,
the preparation, characterization, and bioadhesive properties of
coatings obtained by direct UV-irradiation of PHEMA brushes
will be presented. After that, a second approach toward light-
activated polymer brushes, which are obtained by postpolyme-
rization modification of PHEMA films with photoreactive
diazirine moieties will be discussed.

Direct UV-Activation of PHEMA Brushes. The first
strategy toward light-activated polymer-based bioadhesive
surfaces is based on the direct UV-irradiation of PHEMA
brushes (Figure 1). PHEMA and other side chain ethylene
glycol substituted polymethacrylate brushes are well-known for

Figure 1. Schematic illustration of the UV-activation of PHEMA brushes and subsequent adhesion to meniscus tissue.
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their ability to prevent the nonspecific adsorption of proteins,
cells, bacteria, and fungi.24−28 It has also been shown that
irradiation of PPEGMA brushes, as well as oligo(ethylene
glycol) terminated self-assembled monolayers with ∼250 nm
UV light generates functional groups, presumably aldehydes,
which have been used to covalently bind proteins.34−39

Covalent immobilization of proteins on aldehyde surfaces
involves the formation of imine bonds that are generated by
reaction between aldehyde groups and amine groups in
proteins. As the tissue extracellular matrix is rich in amine
groups, this suggests that the photochemical reactivity of
PHEMA or PPEGMA brushes may not only be explored to
allow light-controlled protein immobilization, but may possibly
also be harnessed to create on-demand, light-activated tissue-
adhesive thin polymer interfaces. To explore the feasibility of
this concept, PHEMA brushes with a dry film thickness of 145
nm were grown from silicon wafers or fused silica substrates via
SI-ATRP, as outlined in Scheme 1. As a control, putatively
nonphotoreactive control coating, poly(2-methacryloyloxyeth-
yl phosphorylcholine) (PMPC) brushes with a dry film
thickness of 154 nm were used, which were also produced
via SI-ATRP. PMPC brushes are also very effective non-
biofouling surface coatings,40−42 but in contrast to PHEMA
brushes, do not produce tissue reactive groups upon UV-
irradiation (vide infra).
The ability of the PHEMA brushes to act as on-demand,

light-activated adhesive coatings was investigated using
meniscus tissue. Details of the experimental setup are provided
in Figure S2. PHEMA brushes with a dry film thickness of 145
nm grown from fused silica substrates were placed in contact
with the meniscus tissue and subsequently irradiated with UV
light for a defined period of time. After that, adhesion strengths
were determined at room temperature using a 50 N load at a
constant speed of 0.5 mm·sec−1. The adhesive properties of the
UV-activated PHEMA brushes were compared with those of
154 nm thick PMPC brushes that were subjected to UV-
irradiation under the same conditions. As a second control,
PHEMA brushes with a dry film thickness of 191 nm were
used, which were not activated by UV-irradiation, but instead
were treated with DMSO/acetic anhydride before being put in
contact with the meniscus tissue. The use of DMSO/acetic
anhydride (“Albright−Goldman oxidation”) represents a wet-
chemical strategy that has been used previously to convert
hydroxyl side chain functional groups of PHEMA brushes into
aldehyde moieties.31

Figure 2 compares the adhesion strengths that were
measured on untreated PHEMA brushes with those exposed
to UV-irradiation for 1 or 3 min, as well as on the PMPC and
wet-chemically oxidized PHEMA brush control samples. The

results summarized in Figure 2 show that the adhesion
strengths of the PHEMA brushes increase upon UV-light
irradiation and that increasing the duration of the UV
treatment leads to a further, significant increase of the
adhesion strength. The adhesion strengths that were measured
on the UV-activated PHEMA brush films compare well with
those that have been reported for fibrin glue and synthetic
polymer adhesives, which were applied in a conventional way
as a liquid/gel formulation on meniscus tissue.43−45 The
adhesion strengths recorded on the nonirradiated, control
PHEMA brushes were comparable to those measured on the
PMPC brushes. UV-irradiation of the PMPC brushes did not
result in a change in the adhesion strength. Finally, the
adhesion strengths measured on PHEMA brushes, which were
subjected to UV-irradiation for 3 min, were comparable to
those determined on PHEMA brush films that were activated
via Albright-Goldman oxidation. This last observation is
consistent with the formation of aldehyde groups upon UV-
irradiation of the PHEMA brushes.
Next, a number of experiments were carried out to elucidate

the effect of UV-irradiation on the chemical composition and
structure of the PHEMA brushes. First, a 145 nm thick
PHEMA brush grafted from a silicon substrate was subjected
to UV-irradiation for 3 min and subsequently analyzed by XPS
and ellipsometry. Figure 3A compares the XPS C1s high
resolution scans that were recorded on the brush prior to and
after the 3 min irradiation time. Most prominent is the

Scheme 1. Synthesis of PHEMA Brushes via SI-ATRP

Figure 2. Adhesion strengths of PHEMA brush coated substrates (d =
145 nm) treated with UV light for 0, 1, and 3 min (red), PMPC
brush-coated substrates treated with UV light for 0 and 3 min (blue)
and DMSO Ac2O-activated PHEMA brush-coated substrates (black).
Asterisks indicate statistically significant differences whereas NS
represent not significant difference between two conditions.
Significant at *p < 0.05.
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decrease in the intensity of the shoulder at 285.9 eV, which is
indicative of changes in the chemical composition of the brush
upon UV-irradiation. Ellipsometric analysis of the PHEMA
brush revealed a decrease in film thickness from 145 to 75 nm
indicating that these changes in chemical structure are
accompanied by partial photodegradation of the brush film.
The observed changes in chemical composition as well as the
partial photodegradation are in agreement with the results of
previous work in which 250 nm wavelength UV-laser light was
used to generate protein-patterned PPEGMA brushes.34−39 In
contrast, when the PHEMA brush was subjected to UV light
using a bandpass filter that removes the lower wavelength band
around 250 nm, no changes in the C1s high resolution XPS
scans were observed (Figure S4) and the film thickness
remained constant. This indicates that it is the lower
wavelength, UV−C part of the light spectrum of the light
source that is responsible for the photoactivation and−
degradation of the PHEMA brushes.
Figure 3B−D shows XPS high-resolution scans and FTIR

spectra recorded on PHEMA brush samples that were
activated by Albright-Goldman oxidation. To illustrate the
reactivity of the activated brushes toward amines, these films
were also treated with aniline, which served as a model amine.
Comparison of the C1s high resolution scans taken from
PHEMA brushes before and after Albright-Goldman oxidation
(Figure 3B) reveals changes that are similar to those in Figure
3A, which is a further indication that UV-irradiation of
PHEMA brushes results in the formation of tissue-reactive
aldehyde groups. Figure 3C,D shows N1s high-resolution XPS
scans and FTIR spectra of aldehyde-functionalized PHEMA
brushes generated via Albright-Goldman oxidation before and

after reaction with aniline. The N1s high-resolution XPS scan
recorded after the reaction reveals a signal at 398.9 eV, which is
consistent with the formation of an imine bond upon reaction
of aniline with the side chain aldehyde groups in the brush
(Figure 3C).46,47 Furthermore, the FTIR spectra in Figure 3D
indicate the appearance of a small, new peak at 1600 cm−1 after
aniline labeling, which can be assigned to the C−C stretching
vibrations of the aromatic aniline ring. In addition to the
PHEMA brushes, also the influence of UV-irradiation on the
PMPC control samples was studied. As for the PHEMA
brushes, UV-irradiation was found to result in partial
photodegradation. For the PMPC brushes, 3 min of UV-
irradiation resulted in a decrease in film thickness from 154 to
32 nm. Figure S5, finally, compares XPS spectra of the PMPC
brushes before and after UV-irradiation. In contrast to the
PHEMA brushes, these spectra do not indicate any changes in
the chemical composition of the PMPC brushes.
Taken together, the results presented above indicate that

direct UV-irradiation of PHEMA brushes provides a way to
convert these polymer films, which are generally considered
nonbiofouling, into tissue-reactive adhesives. The model
studies discussed in the previous paragraph indicate that the
UV-irradiation generates aldehyde groups and that it is the
lower wavelength part of the UV-spectrum that is responsible
for these photochemical changes.

UV-Activation of Diazirine Functionalized Brushes.
The work described above demonstrates that direct UV-
irradiation of PHEMA brushes allows to introduce amine-
reactive groups into these polymer thin films and transforms
these otherwise nonfouling coatings into bioadhesive surfaces.
While the data presented in Figure 2 show that this approach

Figure 3. (A) C1s high resolution XPS spectra of a PHEMA brush coated substrate before (black) and after treated with UV irradiation for 3 min
(blue), (B) C1s and (C) N1s high resolution XPS scans of a PHEMA brush coated substrate (black), a DMSO/Ac2O-activated PHEMA brush-
coated substrate (red) and an aniline-labeled aldehyde-functionalized PHEMA brush-coated substrate (blue). (D) FTIR spectra of a PHEMA
brush-coated substrate (black), a DMSO/Ac2O-activated PHEMA brush-coated substrate (red) and an aniline-labeled aldehyde-functionalized
PHEMA brush-coated substrate (blue).
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allows to facilitate adhesion with meniscus tissue, there are also
several limitations to this strategy. The most significant
drawback of the approach presented above is that the
generation of tissue reactive aldehyde groups requires the use
of short wavelength (∼250 nm) UV−C type light, which does
not only help to transform the polymer brush side chain
functional groups, but, as discussed above, also leads to
extensive photodegradation of the polymer brush. In addition,
this part of the UV light spectrum is also the region that is
most harmful to tissue and cells.48,49 Another potential
limitation of the direct UV-irradiation of PHEMA brushes is
that the aldehyde groups that are generated react with amine
groups present in the tissue to form imine bonds, which in
principle are reversible in aqueous media.50 Alternative
chemistries may allow to facilitate the application of these
coatings in wet environments. As an alternative bioadhesive
coating platform, PHEMA brushes containing side chain

diazirine moieties were investigated (Figure 4). Diazirines are
attractive photoreactive groups to generate bioadhesives since
they can be activated with relative long wavelength UV-light51

and upon irradiation generate carbene groups that can insert in
C−H, N−H, and O−H bonds.52−54 The diazirine-function-
alized brushes investigated in this study were prepared by
DCC/DMAP-mediated coupling of TFMDA to PHEMA
precursor brushes with thicknesses of 110 and 218 nm.
The introduction of the TFMDA side chain functional

groups was monitored with XPS, UV−vis and FTIR spectros-
copy. Figure 5 shows the XPS survey scan as well as C1s, O1s,
N1s, and F1s high resolution spectra recorded on a PHEMA
brush with an initial film thickness of 218 nm, which was
reacted with TFMDA in the presence of DCC and DMAP for
16 h. The C, O, and F atom percentages determined by XPS
analysis of the postmodified brush, which are listed in the
Supporting Information, Table S1, indicate quantitative

Figure 4. Postpolymerization modification of a PHEMA brush-coated substrate with TFMDA and subsequent photoactivation and adhesion to
meniscus tissue.

Figure 5. (A) Chemical structure of a TFMDA-functionalized PHEMA brush; (B) XPS survey scan; (C) C1s high resolution spectrum; (D) O1s
high resolution spectrum; (E) N1s high resolution spectrum; and (F) F1s high-resolution spectrum of a TFMDA-functionalized PHEMA brush-
coated substrate.
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substitution of the PHEMA side chains with TFMDA groups.
The XPS N percentage, however, is lower than expected, which
is attributed to partial degradation of the diazirine groups
during the XPS analysis.55 Since XPS only probes the top 10−
20 nm of the brush film, UV−vis spectroscopy was used to
estimate the total concentration of TFMDA moieties in the
brushes. The TFMDA concentration in the polymer brushes
was estimated using a calibration curve that was constructed
using a series of TFMDA solutions in DCM with
concentrations ranging from 0.05 to 1.7 mM (Figure 6A,B).
To determine the TFMDA concentration, brushes grown from
fused silica substrates were analyzed. Figure 6C,D shows UV−
vis spectra of PHEMA brushes with initial film thicknesses of
218 nm (Figure 6C) and 110 nm (Figure 6D), which were
reacted with TFMDA for 1 and 16 h. The TFMDA

concentrations and percentages of conversion of HEMA side
chain functional groups that were obtained from those spectra
are summarized in Table 1. The results in Table 1 indicate that
a reaction time of 16 h resulted in complete conversion of the
HEMA side chain functional groups with TFMDA moieties in
the thinner brush (d = 110 nm). Shortening the reaction time
for the modification of the 110 nm thick polymer brush from
16 to 1 h decreases the conversion to 65%. For the thicker
(218 nm) PHEMA brush, conversions of 55%, respectively,
78% were determined after reaction times of 1 and 16 h.
The adhesion of the TFMDA functionalized brushes toward

meniscus tissue was studied using samples that were obtained
from PHEMA brushes with initial film thicknesses of 110 or
218 nm, which were postmodified with TFMDA for 1 or 16 h.
Figure 7A reports and compares the adhesion strengths of

Figure 6. (A) UV−vis absorbance spectra of DCM solutions of TFMDA with concentrations of 0.05 mM (black), 0.15 mM (red), 0.3 mM (blue),
0.5 mM (pink), 0.7 mM (olive), 0.9 mM (navy), 1.1 mM (violet), 1.3 mM (purple), 1.5 mM (wine), and 1.7 mM (dark yellow). (B) Experimental
data and linear fitting curve of absorbance vs TFMDA concentration. (C) UV−vis absorbance spectra of 218 nm thick PHEMA brush-coated fused
silica substrates incubated in TFMDA DCM solution for 1 h (blue) and 16 h (green). (D) UV−vis absorbance spectra of 110 nm thick PHEMA
brush-coated fused silica substrates incubated in TFMDA DCM solution for 1 h (red) and 16 h (black).

Table 1. Ellipsometric Film Thicknesses and Side Chain Conversions of TFMDA-Functionalized PHEMA Brushes

aCalculated using the dry film thickness of the PHEMA brush, ρ = 1.15 g/cm3, and the molecular weight of the HEMA repeating unit (130 g/mol).
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these 4 samples before and after UV irradiation for 3 min. Prior
to UV-activation, the adhesion strengths of the TFMDA
modified brushes are comparable to those of nonmodified
PHEMA brushes before UV-irradiation (see Figure 2). UV-
irradiation results in a significant increase in the adhesion
strength. The adhesion strengths that are reported in Figure 7A
are comparable to the results summarized in Figure 2. The
results shown in Figure 7A, however, do not reveal any
significant effects of the initial brush thickness or TFMDA
concentration on the measured adhesion strength. This
suggests that it is probably only the topmost layer of the
TFMDA functionalized brush, where all of the HEMA
repeating units are modified with TFMDA moieties according
to the XPS analysis, which is involved in the formation of
adhesive bonds with the meniscus tissue. It is important to
note that the light source that was used to activate the brushes
for the experiments that are summarized in Figure 7A extends
into the UV−C region and contains a small band around 250
nm as well. As a consequence, the application of this range of
UV wavelengths most likely leads to simultaneous generation
of carbene moieties by photodecomposition of the diazirine
groups as well as the formation of aldehyde groups by direct
activation of the PHEMA brush. The adhesion strengths that
are determined in these experiments thus reflect the
contributions of both the carbene and the aldehyde groups.
In a second experiment, in order to avoid direct activation of
the PHEMA brush and to exclusively mediate adhesion using
carbene moieties, the TFMDA-functionalized brushes were
exposed to UV light using a bandpass filter that removes the
250 nm band and allows for exclusive activation with only 365
nm light. Figure 7B compares the adhesion strengths that were
measured on a nonmodified PHEMA brush and two TFMDA-
functionalized brushes that were UV-activated under these
conditions for 3 min. The adhesion strength of the
nonmodified PHEMA brush that is measured is comparable
to those of the nonirradiated samples shown in Figure 2. This
indicates that 365 nm UV-light does not lead to direct
formation of tissue reactive groups in PHEMA brushes. In
contrast, activation of the TFMDA modified brushes with 365
nm UV light results in an increase in the adhesion strength
with the meniscus tissue. The covalent bonds that are formed
and which contribute to tissue adhesion in this case are
exclusively due to reaction of carbene moieties that are the
product of the photodegradation of the diazirine groups.

■ CONCLUSIONS

Surface-initiated atom transfer radical polymerization has been
used to produce thin, PHEMA brush coatings that can be
transformed on-demand using UV-light as a trigger, from a
nonadhesive to a tissue reactive state. Two strategies have been
explored for the photochemical activation of the PHEMA
brushes. A first strategy is based on direct UV-irradiation of
PHEMA brush films, whereas the second approach involved
the postpolymerization modification of the PHEMA side chain
hydroxyl functional groups with 4-[3-(trifluoromethyl)-3H-
diazirin-3-yl]benzoic acid. Adhesion experiments with menis-
cus tissue demonstrated that both polymer brush platforms
upon UV-irradiation were able to create adhesive bonds with
the tissue surface. While the direct irradiation of PHEMA
brushes is very straightforward from an experimental point of
view, this strategy relies on the 250 nm wavelength part of the
UV spectrum. This short wavelength UV light unfortunately,
not only generates the tissue reactive aldehyde groups, but also
leads to extensive photodegradation of the polymer brush film.
The diazirine containing brushes are comparably effective in
terms of forming adhesive bonds with meniscus tissue. The
activation of the diazirine groups, however, can be achieved
using 365 nm wavelength UV light that does not lead to
photodegradation. The proof-of-concept experiments pre-
sented in this manuscript have used silicon wafers and fused
silica substrates as model surfaces. The versatility of SI-ATRP
(and related grafting-from chemistries), however, will allow to
apply this concept to a broader range of biomedically relevant
surfaces.
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Figure 7. Adhesion strengths of (A) TFMDA-functionalized PHEMA brush-coated substrates with various thicknesses before (black) and after UV
irradiation for 3 min (red). (B) PHEMA brush (black) and TFMDA-functionalized PHEMA brush coated substrates (red) treated with UV
irradiation using a bandpass filter, which removes the 250 nm and allows for activation with only the 365 nm band, for 3 min. Asterisks indicate
statistically significant differences, whereas NS represents the not significant difference between two conditions. Significant at *p < 0.05.
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