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Abstract: Dynamic regulation of the interactions between

specific molecules on functional surfaces and biomolecules,
for example, proteins or cells, is critical for biosensor and
biomedical devices. Herein, we present a spiropyran (SP)-

based light-responsive surface coating, hPG (hyperbranched
polyglycerol)-SP, to control the adsorption of proteins and

adhesion of cells. In the normal state, the SP groups on the
coating surface were in hydrophobic ring-closed form, which

promotes the nonspecific protein adsorption and cell adhe-

sion. Under UV irradiation, the grafted SP groups were dy-

namically isomerized into hydrophilic/zwitterionic merocya-

nine. Both hydrophilicity and zwitterions support the forma-
tion of a hydrated layer and hence the resulting hPG-MC
coatings highly resist protein adsorption and cell adhesion.

Moreover, the presented hPG also provided a robust bioinert
background to suppress the nonspecific protein adsorption

and cells adhesion. Therefore, this functionalized coating ex-
hibited a good photoregulated antifouling behavior. More-

over, the detachment of adsorbed proteins and adhered

cells from the coating surface was also realized.

Introduction

Surface biofouling, which is mainly caused by spontaneous
nonspecific protein adsorption, is a ubiquitous and serious
problem that may stimulate deleterious biological processes

orchestrated by the immune and coagulation systems. It has
greatly limited the application of biomaterials in medical im-

plants, surgical equipment, biosensors, etc.[1] The nonspecific
protein adsorption on materials is often associated with sur-
face hydrophobicity.[2] Proteins undergo a conformational
change to associate their hydrophobic domains with the mate-

rial and their hydrophilic domains with the biological environ-
ment to create a substantial reduction in surface energy. This
reduction outweighs the entropic cost of the conformational
change, which also thermodynamically favors protein adsorp-
tion onto a hydrophobic material surface.[3] Among all the dif-

ferent parameters, water-mediated hydrophobic/hydrophilic
and hydration forces were considered as the major factors in

protein adsorption, a view that culminated in the concept of
“Berg’s law” or “Berg’s limit”.[4] This concept describes which
surfaces can promote protein adsorption depending on their

hydrophobic or hydrophilic properties. Surfaces are hydropho-
bic if their static water contact angle q is bigger than a critical

value of 658. On hydrophilic surfaces with q<658, proteins are
not able to displace water from the surface and therefore they
do not adsorb onto them. Therefore, decreasing surface hydro-

phobicity is a widely used method to reduce interfacial energy
and make the protein adsorption less favorable. Much effort

has been made to regulate surface wetting properties, for ex-
ample, hydrophilic polymer grafting, hydrogel network forma-
tion, layer-by-layer (LbL) assembly, and other chemical/physical
surface modification technologies.[5] To dynamically control ma-

terial surfaces/interface properties, some stimuli-responsive
molecules have been introduced as “smart” coatings and the
resulting interfacial properties could be tuned by external stim-
uli.[6] Among various options, light has attracted much atten-
tion as it can noninvasively regulate protein/cell–material sur-

face interactions with high spatiotemporal precision.[7] Spiro-
pyran (SP) is a well-known and well-investigated photochrome

for its light-induced spiropyran-to-merocyanine (SP–MC) iso-
merization.[8] SP is usually nonpolar and hydrophobic in its
closed form. Under UV light irradiation, SP dynamically isomer-

izes to the MC form (open form) and converts into a polar, hy-
drophilic, and zwitterion molecule.[9] Unlike other common

photochromes, spiropyran itself has two different states (SP
and MC), which could reversibly intercalate into the DNA
helix,[10] regulate enzyme activity,[11] and even specifically inter-

act with cell surface protein fibronectin.[12] Herein, we integrat-
ed light-responsive spiropyran groups into our mussel-inspired

coating technology[13] to fabricate a light-regulated functional
surface coating (Scheme 1). According to the empirical “White-

sides’ design rules”,[14] both the hydrated hydrophilic polymers
and zwitterions distributing on the materials surface can great-
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ly reduce nonspecific protein adsorption. Therefore, the result-

ing functional coating exhibited an interesting noninvasive,
light-controlled protein adsorption and cell adhesion behavior.

Moreover, polyglycerol (PG) has a highly flexible aliphatic poly-
ether backbone with multiple hydrophilic functional groups.

This polar polymer has been proven to have high affinity with
water molecules to generate a hydration layer[13b,c] that serves

as an efficient barrier to nonspecific protein adsorption.[1b, 15] In

the hPG-SP coatings, the presented hPG provided a robust bio-
inert background to suppress the nonspecific protein adsorp-

tion and cell adhesion. Benefiting from this and the reversible
isomerization between SP and MC, the detachment of the ad-

sorbed proteins, cells, and even dense cell sheets was also real-
ized on this functional coating surface.

Results and Discussion

Amino functional hyperbranched polyglycerols (hPG, 10 %
amino groups) were synthesized by the ring-opening anionic

polymerization of glycidol, followed by O-methylation, azide
substitution, and the Staudinger reaction according to a re-

ported protocol.[13b] The anchoring catechol groups were then

grafted onto amino functional hPGs by amide coupling, result-
ing in catecholic hPGs with 7.5 % functional degree (hPG-Cat).

The catechol groups, which are found in mussel adhesive pro-
teins[16] and bacterial siderophores,[17] can adhere on virtually

almost any material surface and has been proven to be a pow-
erful anchor for surface modification.[18] Because of their highly

branched architecture and multiple anchoring catechol groups,

hPG-Cat can form stable coatings on many different substrates
including metal, metal oxides, ceramic, and even polymeric

material surfaces. Research has indicated that a charge-transfer
complex could be formed between the catechol and TiO2 sur-

face,[19] resulting in the strongest bonding of catecholic macro-
molecules onto TiO2. Therefore, to ensure the stability of the

hPG coating, especially the stability during post-modification,
TiO2 was utilized as the model substrate in the following

unless otherwise specified. A quartz crystal microbalance
(QCM) with dissipation was employed to analyze the adsorp-

tion of the hPG-Cat polymer on the TiO2 sensors. The results
show that the hydrated mass of the adsorbed hPG-Cat on the

sensor surfaces was about 1200 ng cm@2 (Figure S1 in the Sup-
porting Information) for 5 h dynamic online coating in basic
conditions (pH 8.5, MOPS buffer; 3-(N-morpholino)propanesul-

fonic acid). The stability of the coatings was tested by rinsing
the adsorbed polymers with 2 % w/w sodium dodecyl sulfate
(SDS). There was no significant detachment of hPG-Cat from
the TiO2 surface owing to the stable multivalent catecholic an-

choring. The dry thickness of the resulting polymer coating
layer was about (12.9:0.1) nm measured by ellipsometry. To

guarantee all spiropyran groups distribute on the top layer of

the coating surface, spiropyran was post-grafted onto the hPG
coating through a surface ester reaction catalyzed by EDCI/

DMAP (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide/4-dime-
thylaminopyridine). X-ray photoelectron spectroscopy (XPS)

analysis was employed to quantitatively determine the chemi-
cal composition of the coating. The atomic ratios of O/Ti, C/Ti,

and N/Ti were significantly changed after hPG-Cat dip-coating

and SP post grafting (Figure S2 in the Supporting Information).
In the spectrum of N 1s, peaks corresponding to polydopa-

mine[20] and imide species in hPG-Cat were observed at
(396.0:0.1) eV/(397.0:0.1) eV (including the nitride species

from titania during preparation in vacuum, which could also
be found in the N 1s spectrum of bare TiO2), and (399.8:
0.1) eV, respectively (Figure 1 a). After SP grafting, two addition-

al significant new intense peaks appeared at binding energies
(BEs) of (401.9:0.2) and (405.9:0.1) eV, assigned to the am-

Scheme 1. (a) Preparation of hPG-SP coatings on titanium oxide (TiO2) sub-
strate. (b) The spiropyran moiety on hPG-SP coatings can be photochemical-
ly converted between the hydrophobic SP form and hydrophilic zwitterionic
MC form.

Figure 1. (a) The deconvoluted XPS N 1s signal curves of hPG-SP coatings,
hPG coating, and the corresponding pristine TiO2 substrate. (b) Average
static water contact angle of the bare substrate surface, hPG coating, hPG-
SP coating, and the hPG-MC coating. The red line indicates the “Berg’s limit”.
(c) Wettability switching on a hPG-SP coating surface (5 min irradiation with
l= 365 nm UV light, 30 min irradiation with l= 530 nm visible light).
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monium nitrogen (MC in open form)[21] and the characterized
nitro group of spiropyran.[22] The indoline nitrogen in spiropyr-

an localized at (399.4:0.1) eV and combined with the imide
nitrogen.[23] The SP grafting density was roughly calculated as

1.2 % (to all -OH groups in hPG backbone) based on the area
ratio of the nitro group to amide group. The corresponding

C 1s and O 1s spectra of the hPG coating and hPG-SP coating
were also analyzed and are shown in Figure S3 in the Support-

ing Information. In the spectra of O 1s, the peak area ratio of

(532.7:0.1) eV (assigned to the ether group, carbonyl group,
and ester group) and (531.5:0.1) eV (assigned to the hydroxyl

group in the PG backbone) was increased from 2.4 to 6.4 after
SP grafting. This increase was ascribed to the formation of a

new ester bond and the ester bond from grafted SP, indicating
that the SP groups have been covalently bonded onto the
hPG coating. Otherwise, the coating thickness slightly in-

creased to (14.0:0.4) nm after SP functionalization. Both of
these findings strongly verified the success and effect of the
surface modification.

The wetting property/behavior of the surface was also dra-

matically changed after hydrophilic hPG coating and hydro-
phobic SP grafting (Figure 1 b and Table S1 in the Supporting

Information). Polyglycerol is composed of hydrophilic repeat-

ing units, which can hydrogen bond with water molecules and
are hence highly hydrated in water.[15b] The static water contact

angle of the hPG coating was only about 368 (Table S1 in the
Supporting Information). However, the spiropyran in its closed

ring form is typically hydrophobic. Therefore, the surface
energy of the modified coating was greatly increased and re-

sulted in a significantly greater water contact angle (73.5:
2.2)8 after SP grafting (Figure 1 b). After exposing the hPG-SP
coating to UV light (PLS-0365-010-11-C LED UV lamp, 365 nm;

42 mW cm@2) for 5 min, accompanied with the isomerization
from SP to MC, the surface hydrophilicity was gradually in-

creased (Figure 1 b). The resulting static water contact angle
was (58.1:3.1)8, which is in the range of hydrophilic surfaces

according to “Berg’s law”. The hydrophobicity of the hPG-SP

coating can be reversibly switched back by 30 min of visible
light irradiation (PLS-0530-010-15-C, 530 nm, 30 mW cm@2). As

shown in Figure 1 c, the contact angles can reversibly and re-
producibly be switched from approximately 788 to 598.

As mentioned above, the nonspecific protein adsorption on
material surfaces is highly related to the surface wetting prop-

erty. In this respect, a quartz crystal microbalance (QCM) with
dissipation was employed to evaluate the nonspecific protein
adsorption on the hPG-SP coating surface. Fibrinogen (Fib)

was selected as the model protein because it is relevant to
nonspecific adsorption and biofilm formation[14b] and is com-

monly used to evaluate the biocompatibility of artificial surfa-
ces.[24] The amount of Fib adsorbed onto the testing surface

was calculated from the frequency (Df) shift of the QCM sen-

sorgrams by applying the Kevin–Voigt model. The representa-
tive QCM sensorgrams of protein adsorption are shown in Fig-

ure S4 in the Supporting Information. As expected, the hPG
coating exhibited a good antifouling performance as the

highly hydrated polyglycerol chain served as an energetic bar-
rier to nonspecific protein adsorption.[15b] However, after SP

grafting, the protein adsorption was increased nearly 31-fold
owing to the contribution of spiropyran to surface hydropho-
bicity (Table S1 in the Supporting Information). As aforemen-
tioned, the surface wetting property of the hPG-SP coating

could be plainly tuned by UV light irradiation based on the
photoisomerization of spiropyran groups. After irradiating with

UV light for 10 min, the grafted hydrophobic SP gradually iso-
merized into hydrophilic MC and, as a consequence, the result-

ing amount of adsorbed Fib remarkably decreased with 73.5 %
(Figure 2 a, Figure S4 in the Supporting Information). The hy-

drophilic and zwitterionic MC groups, similar to phosphoryl-

choline[25] and betaine derivatives,[26] could strongly bind to
water and create a hydration layer that resists the protein ad-
sorption. On the hPG-SP coating surface, Fib protein patterns

were successfully obtained by irradiating the coating surface
with UV light through a designed patterned photomask prior
to exposing the substrate to a protein suspension
(30 mg mL@1; Figure 2 b). A clearly contrasted protein pattern,
in which Fib proteins were adsorbed mostly on the nonirradi-
ated region, was obtained as expected. In the irradiated

region, where the hydrophobic SP groups were isomerized
into hydrophilic and zwitterionic MC groups, proteins did not
or only weakly interact with the coating and then were
washed away by rinsing with buffer. It is interesting that the
surface water contact angle decreased from (73.5:2.2)8 to

(58.1:3.1)8 after UV irradiation. The change of wetting proper-
ty, together with the protein adsorption results, exactly coin-

cided with the aforementioned concept of “Berg’s law” or
“Berg’s limit”. Although several drawbacks remain, this criterion
has been extensively tested and utilized to explain many ex-

perimental results.[1b] The protein adsorption on hPG-SP coat-
ings was effectively and efficiently controlled by light-induced

hydrophobic/hydrophilic conversion. The conversion from ring-
closed SP form to zwitterionic MC form is very quick and could

Figure 2. (a) Fibrinogen protein adsorption on hPG-SP and hPG-MC coating
surfaces. (b) Fibrinogen protein adsorption on patterned hPG-SP coating sur-
face. Top right: strategy for the preparation of a micropatterned surface. Top
left : the corresponding relative intensities of FITC-Fib proteins distribution
on the patterned surface. Bottom: the corresponding microscopic image
and fluorescence microscopic image of FITC-Fib protein micropatterns.
(c) QCM frequency (f) shift as a function of time during fibrinogen adsorp-
tion and its desorption after UV light irradiation.
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rapidly reach an equilibrium within 5 min of irradiation (Fig-
ure S5 in the Supporting Information). Afterwards, the desorp-

tion of the adsorbed proteins was also performed and record-
ed by the QCM. The QCM chamber used here was specially

equipped with a quartz window on the top (Figure S6 in the
Supporting Information). Therefore, the UV light could pass

through the quartz window and dynamically trigger the SP–
MC isomerization in situ. As is well known, the spiro and mero

isomers of the spiropyran moiety undergo dynamic balance

and the photoisomerization quantum yield from the spiro to
the mero form is only roughly 50 % even in a polar environ-

ment.[27] Therefore, after 20 min of UV irradiation, approximate-
ly 52 % (release % = mreleased/(mSP coating@mMC coating)) of the ad-

sorbed Fib was released from the hPG-SP coating surface (Fig-
ure 2 c), which was comparable to a previous report.[12a] In ad-

dition, this low release efficiency may also be related to the

weak penetration of UV light through the strong reflection of
water and Fib molecules.

Most adherent mammalian cells employ protein receptors
on their membranes that can recognize and noncovalently

bind with the extracellular matrix (ECM).[28] Therefore, light-
modulated protein resistant surfaces are likely to be used to

modulate cell adhesion. Moreover, molecular approaches to

regulate cell–material interactions are desirable for cell biology
and medical applications.[29] Among them, dynamically control-

ling cell adhesion on substrates is a fundamental issue because
cell adhesion has profound effects on the cell fate and diverse

cellular response behaviors.[30] Light-modulated cellular attach-
ment on hPG-SP coating surfaces was performed by using

NIH3T3 mouse fibroblast adhesion, which is involved in the

tissue responses upon implantation into living tissue.[31] Initial-
ly, the spiropyran was mainly in the hydrophobic SP form,

whereby the cells quickly adhered to the coating surface and
began to spread during the first 1 h (Figure 3 a), which could

be concluded from the surface hydrophobicity and the unspe-
cific interaction between SP and cell surface fibronectin.[12a, 32]

However, concerning the surface treated with UV irradiation

(10 min), NIH3T3 cells were rarely observed on the hPG-MC
surface and without significant spreading (Figure 3 b), owing to
the increased surface hydrophilicity and the weak interaction

between MC and cell surface fibronectin.[33] The highly hydrat-
ed MC and PG chains formed a hydration layer to shield the in-

teraction of cell membrane proteins with the substrate. As ex-
pected, almost no cells were found on the cell-resistant hPG

coating (Figure S7 in the Supporting Information). The cell
density on the surface of hPG, hPG-SP, and hPG-MC coatings

was determined, and it is summarized in Figure 3 c. This cell-re-
sistant hPG-MC surface could also be switched back to a cell-

attaching hPG-SP surface again with visible light irradiation

(l= 550 nm; Figure S8 in the Supporting Information). But at
least 30 min of irradiation are required to convert most MC

groups into SP groups.
In addition, the light-regulated single cell and cell sheet de-

tachment behavior was also investigated. Exposed to UV irradi-
ation for 10 min, the spiropyran on the coating surface gave

rise to hydrophilic/zwitterionic MC and the adhered spreading

cells (Figure 4 a) gradually shrunk and detached. After 1 h of in-

cubation in the dark and subsequent gentle rinsing with phos-

phate buffered saline (PBS), almost no cells remained adhered
to the hPG-MC coating surface (Figure 4 b). We then examined

whether this light-responsive coating could detach a dense

cell sheet. After 10 min of UV irradiation and 1 h of incubation
in the dark, the coating surface with a dense cell sheet was

gently rinsed with PBS buffer. Compared with the original
dense NIH3T3 cell sheet (Figure 4 c), most of the adherent cells

(>96 %) detached from coating surface (Figure 4 d). In contrast,
there was no significant detachment from the control surface

(Figure S9 in the Supporting Information). The nanoparticulate

titanium dioxide (TiO2) is highly photoactive and can generate
reactive oxygen species (ROS) when exposed to ultraviolet ra-

diation (UVR).[34] The released ROS may oxidize the polymer
coating and/or is toxic to attached cells. The former effect has

been excluded by the SP–MC–SP photoswitching cycle experi-
ments. To test the potential toxicity of ROS and UV irradiation,

Figure 3. (a) NIH3T3 cell adhesion on the hPG-SP coating before and
(b) after UV irradiation. Cells (4 V 104) were cultured with testing surfaces for
1 h. Images were collected after gentle PBS rinsing of the slides. Scale bar:
100 mm. (c) Number of NIH3T3 cells adhered on hPG-SP coating and hPG-MC
coating (*p<0.0001).

Figure 4. (a) The adhesion and (b) detachment of NIH3T3 single cell on the
hPG-SP coating surface. Scale bar: 50 mm. (c) The NIH3T3 cell sheet on the
hPG-SP coating surface. (d) NIH3T3 cell adhesion on the hPG-SP coating sur-
face after 10 min UV irradiation, 1 h incubation at 37 8C in the dark, and fi-
nally gentle rinsing with PBS buffer. Scale bar : 50 mm.
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live/dead staining verified that the cell viability did not signifi-
cantly change after 10 min UV irradiation (Figure S10 in the

Supporting Information). The result indicates that the photoac-
tive of macro-planar TiO2 surface under this timescale of UV ir-

radiation is very low. This SP-functionalized coating could be
used as an effective noninvasive cell adhesion/detachment

platform for further biological investigations.

Conclusion

We have designed and developed an SP-based, light-respon-
sive functional coating with a good bioinert PG background. In
the normal state, the spiropyran groups on the coating surface
were in the hydrophobic ring-closed SP form, which could pro-
mote the nonspecific protein adsorption and cell adhesion.

After UV light irradiation, the spiro ring of SP opened and con-
verted into a hydrophilic and zwitterionic MC. Both hydrophi-

licity and zwitterions contributed to the hydrated layer forming
and therefore resisted the protein adsorption and cell adhe-

sion. Moreover, the controllable adsorption/desorption of pro-
teins and attachment/detachment of cells and even the dense

cell sheet were also achieved on the SP-functionalized coating

in a noninvasive mode. This functional coating exhibited a
good perspective and potential utilization in bioresponsive sur-

face modification and tissue engineering. The current system
may be most appropriate for applications that facilitate suffi-

cient UV illumination and may show limitations when substan-
tial tissue penetration with light is required.

Experimental Section

Materials

All chemicals and solvents are reagent or HPLC grade, used as re-
ceived, and purchased from Sigma (Steinheim, Germany) unless
stated otherwise. Dialysis was performed in benzoylated cellulose
tubes from Sigma–Aldrich (D7884, width: 32 mm, molecular
weight cut-off (MWCO) 2000 g mol@1). The deionized water used
was purified by using a Millipore water purification system with a
minimum resistivity of 18.0 MW cmM->1. 3’,3’-Dimethyl-6-nitrol-
spiro[2 H-1-benzopyran-2,2’-indoline]-1’-ethanol (spiropyran, SP-OH,
>93.0 %) was purchased from TCI Europe. The hyperbranched pol-
yglycerol (hPG), with Mn&5000 g mol@1 and Mw&7500 g mol@1, was
polymerized by a one-step ring-opening anionic polymerization
(ROAP), as described in the literature.[35] Trimethylolpropane (TMP)
was used as the initiator. Amino functional hyperbranched polygly-
cerols (hPG, 10 % amino groups) were prepared according to a re-
ported protocol.[13b]

Catecholic polyglycerol (hPG-Cat)

The polyglycerolamine (with 10 % amino groups) and EDCI (3 equiv
to amino groups) were dissolved in pH 4.8 MES (2-(N-morpholi-
no)ethanesulfonic acid) aqueous buffer/methanol (1:1, v/v) mixed
solvent. Then, 3,4-dihydroxyhydrocinnamic acid (3 equiv to amino
groups) was added into the mixture and gently stirred overnight
at room temperature. The product was purified by dialysis in meth-
anol. The purified catecholic hPGs were dried under high vacuum
and then stored under an argon atmosphere in the freezer. The
corresponding grafting density of the catechol group on polymer

chain was calculated based on the 1H- NMR spectra. 1H NMR
(400 MHz; MeOD): d= 6.80–6.54 (Ar-H, 3 H from catechol group),
4.00–3.40 (PG backbone), 2.76 (2 H, COCH2CH2C), 2.47 (2 H,
COCH2CH2C), 1.41–1.39 (2 H, CCH2CH3 of starter), 0.90 ppm (3 H,
CCH2CH3, of starter). The 1H NMR spectrum is shown in Figure S11
in the Supporting Information.

3’,3’-Dimethyl-6-nitrol-spiro[2 H-1-benzopyran-2,2’-indoline]-
1’-succinate monoester (SP-COOH)

The carboxylic spiropyran was prepared according to reported pro-
tocols[36] with some modifications. SP-OH (1.6 g, 4.5 mmol) was
added into anhydrous dichloromethane solution (120 mL) that con-
tained succinic anhydride (2.7 g, 27 mmol), 4-dimethylaminopyri-
dine (DMAP, 200 mg), and triethylamine (3 mL). The mixture was
stirred at 40 8C for 24 h and then was washed three times sequen-
tially with very diluted hydrochloric acid, saturated sodium bicar-
bonate solution, and deionized water. After condensing by rotary
evaporation, the residue was purified by chromatography on silica
gel eluted with ethyl acetate/chloroform (v/v, 1:6). The eluent was
evaporated and gave a purple solid. 1H NMR (400 MHz, CDCl3): d=
8.00 (m, 2 H), 7.20 (td, J = 7.18 Hz, 1H), 7.09 (dd, J = 7.08, 7.06 Hz,
1 H), 6.95–6.83 (m, 2 H), 6.70 (dd, J = 6.73, 6.65 Hz, 2 H), 5.88 (d, J =
5.86 Hz, 1 H), 4.37–4.08 (m, 2 H), 3.57–3.32 (m, 2 H), 2.54 (m, 4 H),
1.27 (s, 3 H), 1.15 ppm (s, 3 H). The 1H NMR spectrum is shown in
Figure S12 in the Supporting Information.

Dip-coating of hPG-Cat

TiO2 slides were first cleaned ultrasonically in water and methanol,
and then treated with UV/ozone (UV/Ozone ProCleaner, Bioforce
Nanosciences) for 20 min before use. All the QCM chips were
cleaned according to the standard cleaning protocol from LOT
(LOT-Quantum Design GmbH, Darmstadt, Germany). To prepare
hPG-Cat coatings, the cleaned TiO2 slides were immersed into the
solution of 1 mm hPG-Cat at pH 8.5 in 3-(N-morpholino)propane-
sulfonic acid buffer (MOPS; 0.1 m) at room temperature for 12 h.
After that, the slides were thoroughly rinsed with water and then
dried by using a N2 stream.

Post-surface modification with spiropyran

To guarantee all responsive groups distributed on the upper layer
of the coating, spiropyran was post grafted onto the hPG-Cat coat-
ing by ester reaction. SP-COOH (1 equiv), EDCI (1.2 equiv), and
DMAP (0.2 equiv) wee dissolved in absolute DMF under argon at-
mosphere. hPG-Cat coated slides were then immersed into the pre-
pared 50 mm SP-COOH solution. After 24 h reaction at room tem-
perature with gentle shaking, the slide was thoroughly rinsed with
DMF and water, and then dried by using a N2 stream.

Water contact angle

Static contact angle measurements were performed by using a
contact angle goniometer (DataPhysics Instruments, Germany)
with the sessile drop method. A liquid drop of 2 mL Milli-Q water
was placed on the substrate and allowed to equilibrate for 15 s at
room temperature. At least fifteen measurements from five parallel
coating samples were averaged to get a reliable value. Error bars
indicate standard deviation (SD).
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X-ray photoelectron spectroscopy (XPS)

The XPS spectra for coating surfaces were taken by using a Kratos
system with the following acquisition parameters: base pressure
4 V 10@10 mbar; sample neutralization by applying low energy elec-
trons (up to 5 eV); hybrid mode (electrostatic and magnetic lenses
are used) for acquiring detailed spectra, and electrostatic mode for
obtaining substrate signal intensities for evaluating adsorbate layer
thickness; take off angle of electrons, 08 ; pass energy, 20 eV in
high-resolution spectra and 160 eV in survey spectra; and excita-
tion of photoelectrons by monochromatic AlKa radiation (hn=
1486.6 eV), which was used at 300 W (15 kV V 20 mA). The analysis
area was elliptically shaped with main axes of 300 mm V 700 mm.

Quartz crystal microbalance (QCM) with dissipation

A quartz crystal microbalance (QCM, Q-Sense E1, Sweden) with dis-
sipation was used to test the adsorption on the surfaces. QCM
allows the monitoring of changes in resonance frequency (Df) and
dissipation (DD) of a piezoelectric quartz crystal as a function of
time. f and D were recorded at the fundamental frequency
(4.95 MHz) and its third, fifth, seventh, ninth, eleventh, and thir-
teenth overtones. Only the third overtone is shown in the sensor-
grams. To measure the protein adsorbed onto the functional sur-
face, coated sensors were inserted into the flow chamber and incu-
bated in pH 7.4 in 4-(2-hydroxyethyl)-1-piperazine ethanesulfonic
acid (HEPES, 0.1 mol L@1, pH 7.4, and 150 mmol L@1 NaCl) buffer.
After baseline equilibration, the protein solution (1 mg mL@1, Fib,
340 kDa) was pumped into the flow chamber. After 30 min, the
surface was rinsed with HEPES buffer again for another 15 min.
The flow rate used for all experiments was 0.1 mL min@1, and the
temperature was 25 8C. The Sauerbrey equation was used to calcu-
late the mass of the adsorbates (Dm = C V Df, where Dm is the
change in mass, C is the mass sensitivity constant of the quartz
crystal (@17.7 ng cm@2 Hz@1), and Df is the overtone-normalized fre-
quency change.

Cell adhesion

Cell adhesion experiments on coated slides were done with adher-
ent NIH3T3 murine fibroblast cells (ACC no. 59, DSMZ, Braunsch-
weig, Germany). Cells were collected from Petri dishes by incuba-
tion in trypsin (dilution 1:250) for 5 min at 37 8C. The trypsin was
removed from the cell suspension by centrifugation; the top layer
was removed, and the remaining cells were re-suspended in fresh
medium. The coated slides were incubated with 4 V 104 cells in
1 mL of cell medium (cell number was determined with a Neuba-
uer chamber) at 37 8C and 5 % CO2. At a set time, the coated slides
were taken out and gently rinsed with PBS buffer. The adhering
cells were observed directly with a microscope (TELAVAL 31, Zeiss,
Germany). The coated slides adhered with single cells and dense
cell sheets were prepared by a similar protocol. hPG-SP coated
slides were incubated with 1 V 104 cells in 1 mL of NIH3T3 cell
medium (cell number was determined with a Neubauer chamber)
at 37 8C and 5 % CO2. After 3 h, the slides with spread and separat-
ed cells were taken out and gently rinsed with PBS buffer for fur-
ther detachment experiments. The coated slides with dense cell
sheets were incubated over 2 days and then gently rinsed with
PBS buffer.
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