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Photoinduced Amyloid Fibril Degradation for Controlled Cell
Patterning
Kübra Kaygisiz, Adriana M. Ender, Jasmina Gačanin, L. Alix Kaczmarek,
Dimitrios A. Koutsouras, Abin N. Nalakath, Pia Winterwerber, Franz J. Mayer,
Hans-Joachim Räder, Tomasz Marszalek, Paul W. M. Blom, Christopher V. Synatschke,*
and Tanja Weil*

Amyloid-like fibrils are a special class of self-assembling peptides that emerge
as a promising nanomaterial with rich bioactivity for applications such as cell
adhesion and growth. Unlike the extracellular matrix, the intrinsically stable
amyloid-like fibrils do not respond nor adapt to stimuli of their natural
environment. Here, a self-assembling motif (CKFKFQF), in which a
photosensitive o-nitrobenzyl linker (PCL) is inserted, is designed. This peptide
(CKFK-PCL-FQF) assembles into amyloid-like fibrils comparable to the
unsubstituted CKFKFQF and reveals a strong response to UV-light. After UV
irradiation, the secondary structure of the fibrils, fibril morphology, and
bioactivity are lost. Thus, coating surfaces with the pre-formed fibrils and
exposing them to UV-light through a photomask generate well-defined areas
with patterns of intact and destroyed fibrillar morphology. The unexposed,
fibril-coated surface areas retain their ability to support cell adhesion in
culture, in contrast to the light-exposed regions, where the cell-supportive
fibril morphology is destroyed. Consequently, the photoresponsive peptide
nanofibrils provide a facile and efficient way of cell patterning, exemplarily
demonstrated for A549, Chinese Hamster Ovary, and Raw Dual type cells.
This study introduces photoresponsive amyloid-like fibrils as adaptive
functional materials to precisely arrange cells on surfaces.
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1. Introduction

Nature creates function through complex
self-organization processes. In the past few
decades, great progress has been made in
mimicking these ordered nanostructures
with synthetic biomaterials.[1] To mimic
natural cell distribution and study cell mi-
gration and communication, the spatial
control of cell-attachment (cell patterning)
is of great interest.[2–4] The most frequently
used approaches for cell-patterning focus
on controlling the stiffness and texture
of substrates or the position of cell at-
tractive molecules on inorganic substrates
or biomaterials.[2,5–8] However, these meth-
ods usually lack spatiotemporal control
of the morphology of the cellular envi-
ronment, which plays an essential part
in natural matrices that are constantly
reshaped by various stimuli.[9] For in-
stance, directed cell alignment is con-
trolled by patterning of fibrillar structures
from self-assembling peptides (SAPs).[10]

These fibrillar morphologies have crucial
functions in living cells; and are thus,

highly prevalent in the extracellular matrix to enhance material–
cell interactions to support proliferation and cell infiltration at the
mesoscopic length scale.[11–13]

Amyloid fibrils are a subclass of SAPs and nature’s intrinsi-
cally bioactive nanofibrils. They are characterized by their high
cross 𝛽-sheet content, mechanical stiffness, stability toward enzy-
matic degradation, and strong adhesion to various substrates.[14]

The best known are amyloid structures in misfolded proteins
that lead to insoluble plaques associated with several neurode-
generative diseases.[15–17] However, naturally occurring amyloids
fulfill various purposes in organisms as scaffold materials.[18,19]

For example, they are involved in the formation of bacteria
biofilms[20,21] or as scaffolds for hormone storage[22] and melanin
polymerization.[23] Recently, the potential of amyloid nanostruc-
tures serving in beneficial roles has been exploited in 3D cell
culture, gene delivery, tissue, and neuronal regeneration, as well
as in drug delivery.[24–26] This is due to the cell adhesive prop-
erties that were found for some artificial amyloid fibrils. How-
ever, because of the inherent stability of the amyloid fibrils, they
cannot readily be quantitatively disassembled in a short time,[27]

which would be a prerequisite to study morphology dependent
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cell-adhesive properties, for example, for the application as adap-
tive scaffold biomaterials. Synthetic amyloid-like short SAPs that
spontaneously form 𝛽-sheet-rich nanofibrils through noncova-
lent interactions[25,28] are not related to amyloids found in neu-
rodegenerative diseases and exhibit several distinctively differ-
ent features. They can be chemically customized to design next
generation functional biomaterials with controllable stability and
bioactivity.[17,29,30]

To gain control over the formation of amyloid structures
and thereby their bioactivities, several groups have established
strategies to disassemble already formed fibrils. Changing
environmental parameters such as peptide concentration and
pH can lead to disassembly as these parameters affect the
equilibrium of fibril formation.[31] Furthermore, additives such
as ruthenium(II)-complexes,[32] fullerenes,[33] water–ethanol
mixtures,[34] amphiphilic polyphenylene dendrimers,[35] PEG-
chains,[36] carbon nanotubes,[37] and molecular chaperons[38,39]

have been applied to disassemble amyloid fibrils. However, these
methods cannot be applied for controlled spatiotemporal mod-
ification after fibrils are embedded in complex environments.
Instead, stimulus-sensitive reactive groups have been incorpo-
rated in the peptide sequence to initiate morphological changes
of fibrils.[40] For example, azobenzene and hydrazone groups that
undergo a cis–trans isomerization after irradiation[41–43] or depsi-
peptides that reveal a pH-induced structural transition from a
kinked to a linear structure[44,45] have been proposed to control
peptide assembly and disassembly. In these instances, highest
spatiotemporal control can only be achieved with light. Since
the first pioneering works on photoresponsive manipulation
of the cell environment,[46–49] a variety of spatial cell-patterning
techniques have been applied.[50] The overwhelming amount of
reports modulates cell attachment by introducing or removing
bioactive molecules[51–54] or locally changing stiffness of the
polymeric (bio)material by crosslinking or bond scission.[55–57]

Photoresponsive approaches for modulating structural changes
in self-assembly of peptides are rarely reported[58] and not ap-
plied for cell-patterning. o-Nitrobenzyl ester is a well-established
photoresponsive molecule and can be combined with peptides
to attach bioactive molecules.[11,59] For example, using this
photocleavable linker (PCL) attached to amyloid-like fibrils,
we previously created functional cell-gradients by photocleav-
age of a bioactive moiety from the fibrillar backbone.[60] It is
important to note that in these published reports, the fibrillar
backbone of the nanofibrils remained intact and also cell-
adherent to some extent, limiting the generation of unique cell
patterns.

In this work, we solve this limitation by introducing the
PCL cleavage motif into the backbone of an amphiphilic SAP
sequence. UV-irradiation fully destroys the amyloid-like fib-
rillar morphology, resulting in a complete loss of bioactivity.
Consequently, cell-patterning is achieved by coating the fib-
rils on surfaces and irradiating them with UV-light through
a photomask. Our strategy demonstrates a direct connection
between amyloid morphology and bioactivity, which is ex-
ploited to study cell attachment and migration in artificial cell-
matrices. We envision that the spatiotemporal control over struc-
tural integrity gives access to tailored and customizable 4D
cell-culture.

2. Results and Discussion

2.1. Design, Synthesis, and Characterization of the
Photoresponsive Self-Assembling Peptide

The peptide sequence CKFKFQF assembles into cell-adhesive
nanofibrils in aqueous media (Figure S1, Supporting Informa-
tion) and was used as scaffold for the design of photocleavable
nanofibrils that provide the capacity to disintegrate upon irradi-
ation. CKFKFQF forms biocompatible amyloid-like structures,
which were previously shown to enhance neuronal outgrowth
in vitro.[61] We hypothesized that the bioactivity can be traced
back to the fibril morphology and speculated that changes in
sequence length or amphiphilicity will affect the assembly and
bioactivity for short sequences such as CKFKFQF. Furthermore,
due to its amphiphilic sequence composed of hydrophobic, non-
charged phenylalanine (F) and hydrophilic, cationic Lysine (K)
amino acids, this peptide represents an ideal starting point to
study the effect on assembly by cleaving the hydrophilic charged
peptide part from the lipophilic part. In our concept, a PCL was
implemented between the third (F) and fourth (K) amino acid
of this sequence, resulting in CKFK-PCL-FQF 1. Even after in-
tegration of the PCL linker, this sequence formed amyloid-like
nanofibrils serving as bioactive scaffold and stimulating cell ad-
hesion and growth. UV irradiation leads to a molecular scission
of PCL, resulting in the disintegration of the nanofibrils and the
formation of fragments 2 and 3 (Figure 1A), which cannot form
fibrils (Figure S1, Supporting Information). In addition, the non-
photoreactive control peptide CKFK-NCL-FQF (4, Scheme S1,
Supporting Information) was synthesized and characterized (Fig-
ures S8 and S9, Supporting Information).

Peptide synthesis of 1 and 4 was conducted via solid phase
peptide synthesis (Scheme S1, Supporting Information) using
Wang resin. The PCL as well as NCL linkers were synthesized
and conjugated to the solid phase bound peptides as described
previously.[60] Purification of the peptides was accomplished ap-
plying reversed-phase high performance liquid chromatogra-
phy (rp-HPLC). Successful synthesis and purity (>95%) were
validated by matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry (MALDI-ToF-MS) and liquid chro-
matography mass spectrometry (LC-MS), respectively (Figure 1B;
Figure S2, Supporting Information). Next, the photocleavage ki-
netics were determined by time-dependent measurements, in
which aliquots of 1 (1 mg mL−1 in water) were analyzed by
HPLC starting with a non-irradiated sample and irradiation
times of up to 20 min (Figure 1C). Using LC-MS measurements
(Figure S3, Supporting Information), the signal with the reten-
tion time of 10.2 min was assigned to the intact peptide show-
ing a mass-to-charge ratio (m/z) of 1285.70, matching the pro-
tonated [1+H]+ adduct. After 10 min UV treatment at 365 nm,
less than 10% of the intact peptide was detected (Figure 1D).
An additional kinetic study was performed, by incubating 1 in
dimethylsulfoxide (DMSO). After 1 min of UV-irradiation, com-
plete photocleavage of the peptide CKFK-PCL-FQF was observed
(Figure S4, Supporting Information), indicating that the cleavage
kinetics strongly depend on the selected solvent.[62] In contrast,
UV-irradiation of the non-cleavable control peptide CKFK-NCL-
FQF did not alter its structure nor its elution time after 10 min of
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Figure 1. A) Scheme of molecular cleavage of the designed peptide CKFK-PCL-FQF 1 under UV-irradiation. B) MALDI-ToF-MS spectra of the purified
peptide CKFK-PCL-FQF, 1, MS calcd. for [1+H]+, 1285.59 g mol −1; found m/z 1285.66, calcd for [1+Na]+, 1307.57 g mol−1; found 1307.63 m/z, calcd.
for [1-O+H]+, 1269.60 g mol−1 found m/z 1269.66. The loss of oxygen ascribed with the mass 1269.66 [1-O+H]+ is caused by high laser power of the
MALDI-ToF-MS measurement in HCCA matrix.[75] C) HPLC spectra of CKFK-PCL-FQF peptide after different UV-irradiation times in aqueous solution.
After 10 min irradiation, the precursor molecule 1 is completely cleaved. Several decomposition products of 1 are detected via LC-MS (Figure S3,
Supporting Information). Absorbance detected at 254 nm. D) First-order kinetics of the integral area from LC traces of the precursor molecule 1 at tRet
10.2 min normalized to 1 without irradiation (no UV).

irradiation in water (Figures S10–S12, Supporting Information)
or DMSO (Figure S1, Supporting Information).

2.2. Secondary Structure and Morphology of Amyloid-Like Fibrils
Are Altered After Irradiation

We designed CKFK-PCL-FQF to form amyloid-like fibrils in wa-
ter at pH 7.4 with similar morphology (Figure 2E) as the orig-
inal bioactive peptide sequence CKFKFQF (Figure S1, Support-
ing Information).[63] The only difference in the structure is the
PCL linker, which serves as cleavage site for controlled linker
degradation (Figure 2A). After UV irradiation of the CKFK-PCL-
FQF nanofibrils, the 𝛽-sheet secondary structure was lost, as ev-
idenced by the decrease of the characteristic cotton peaks for 𝛽-
sheet structure[64] elements at 196 and 222 nm in circular dichro-
ism (CD) measurements (Figure 2B).

The photoinduced cleavage and disintegration of the 𝛽-sheet
structures were further supported by attenuated total reflectance
fourier transform infrared (ATR-FTIR) spectroscopy measure-
ments of lyophilized peptides (Figure 2C). Here, the non-
irradiated fibrils showed absorbance maxima in the amide I re-
gion at 1630 and 1664 cm−1 corresponding to 𝛽-sheet and 𝛽-turn
structures, respectively, as well as absorbance in the amide II
region at ≈1520 cm−1, corresponding to 𝛽-sheet structures.[65]

Upon irradiation of the fibrils in solution, the peak at 1630 cm−1

in the amide I region disappeared, whereas the peak at 1664 cm−1

increased and the amide II band at 1520 cm−1 decreased com-
pared to the non-irradiated sample. These experimental results
indicated loss of 𝛽-sheet structures and increase of non-ordered
and 𝛼-helical structural elements.[44,66]

To elucidate whether the 𝛽-sheet structures of the fibrils dis-
persed in aqueous media, the Thioflavin-T (ThT) assay was con-
ducted, which indicates the presence of amyloid structures by
an increase in fluorescence intensity of the ThT molecule after
binding to ordered 𝛽-sheets structures.[67] In this assay, fluores-
cence intensity of ThT decreased after irradiation of CKFK-PCL-
FQF fibrils (Figure 2D), revealing the reduction of 𝛽-sheet-rich
amyloid-like structures. Interestingly, the ThT fluorescence fur-
ther decreased, when incubating the irradiated sample in solu-
tion for 72 h. This was in contrast to the non-irradiated sam-
ple, which showed no decrease in ThT-fluorescence after 72 h.
The time-dependent decrease in ThT-fluorescence indicates a
hysteretic degradation of irradiated fibrils. Transmission electron
microscopy (TEM) images that were recorded directly after ir-
radiation for 20 min (Figure 2E) revealed fragments of broken
fibrils, which further transformed to irregular aggregates dur-
ing the selected observation time of 72 h (Figure S5, Support-
ing Information). Fragments of broken fibrils may retain the
ability to bind ThT to a certain extent whereas the irregular ag-
gregates cannot. Obviously, the supramolecular structures were
destabilized over a prolonged period of time whereas the inter-
molecular changes altering the packing of the peptide monomers
within the nanofibrils already occurred during the irradiation
process.

Liquid-mode atomic force microscopy (liquid-AFM) measure-
ments of in situ irradiated nanofibrils allowed us to directly
study the fragmentation of the nanofibril during irradiation. A
clear transition from elongated nanofibrils into spherical ag-
gregates (Figure 2F) was observed. The degradation of the fib-
rillar morphology was also supported by turbidity measure-
ments of the fibril solution, which increased directly after
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Figure 2. Secondary structure and morphology of CKFK-PCL-FQF fibrils before and after UV irradiation for 20 min. A) Schematic illustration of photo-
cleavage of the peptide sequence upon irradiation, which destabilizes the amyloid-like fibrils. B) CD spectra of non-irradiated versus irradiated fibrils
reveal loss of secondary structure after irradiation. C) ATR-FTIR spectra of non-irradiated and irradiated fibril samples indicate loss of 𝛽-sheet structures
in the amide I and II regions. D) Thioflavin-T Assay of non-irradiated fibrils as well as fibrils irradiated for 20 min at 365 nm and incubated at room
temperature for 24, 48, and 72 h. The bar plot shows the n-fold fluorescence relative to ThT fluorescence in water at pH 7.4, excitation 440/10 nm, and
emission 488/10 nm. E) TEM micrographs of fibrils before (top) and after irradiation (bottom) displaying morphological changes, scalebar: 1 μm. F)
Liquid AFM measurements of the fibrils (top) after in situ irradiation for 20 min (bottom) showing destabilization of fibrils into fragments, scalebar:
500 nm.

irradiation and further over the following three days. We inter-
preted the increased turbidity by the formation of a large num-
ber of aggregates of the newly formed peptide fragments, in-
dicated by enhanced light scattering of the dispersed sample
(Figure S6, Supporting Information). The degradation of the
nanofibrils did not result in a complete disassembly and sol-
vation of the peptide as shown by microscopy measurements
(Figure S5, Supporting Information) and by a conversion assay
which quantifies aggregated monomers (Figure S7, Supporting
Information).[63] We traced the aggregated structures back to the
peptide fragment 3, which is highly lipophilic due to the pheny-
lalanine side chain residues and the N-terminal nitrosoben-
zyl group. Noteworthy, these aggregated peptide fragments did
not have 𝛽-sheet secondary order as shown by CD and FTIR
(Figure 2B,C).

In contrast, the integrity of the control peptide CKFK-NCL-
FQF was not affected by photoirradiation (TEM, Figure S11,
Supporting Information; AFM, Figure S12, Supporting Infor-
mation; and ThT-assay, Figure S13, Supporting Information),
confirming that the observed structural changes of CKFK-
PCL-FQF were due to the photoinduced bond cleavage of
the PCL. Photoirradiation of the CKFK-PCL-FQF nanofibrils
therefore resulted in immediate loss of the 𝛽-sheet struc-
tures because of the scission of the peptide backbone in a
cationic, hydrophilic (CKFK), and lipophilic (FQF) part. The
resulting destabilization of the intermolecular interactions be-
tween peptide monomers further led to fragmentation of the
fibrillar assembly into aggregates with no 𝛽-sheet secondary
order.

2.3. Photopatterning of Fibril-Coated Surfaces

Next, we investigated whether photolithography could be used
to create defined patterns of intact and degraded amyloid-like
nanofibrils to create distinct cell-adhesive regions on substrates
(Figure 3A). Initially, optical microscope glass slides were cov-
ered with a thin agarose layer[60] using a dip coating technique.
The agarose layer of ≈50 nm thickness (Figure S14, Support-
ing Information) shows a cell-repellent character and is applied
to suppress nonspecific cell adhesion.[61,68–70] Subsequently, the
slides were coated with an amyloid-like fibril layer via drop cast-
ing. As agarose forms gels by physical crosslinks via hydrogen
bonds, these interactions may also stabilize the attachment of
the peptide fibrils coating and agarose layer.[71–73] A photolithog-
raphy mask was used to cover parts of the peptide film, leaving
the rest of it exposed to UV-light. Thereby, a pattern of choice
can be imbued on the substrate that was previously coated with
CKFK-PCL-FQF.

We applied different photomasks with different resolution for
the photopatterning of peptide nanofibrils (Figure S15, Support-
ing Information). We established mass spectrometry imaging
(MALDI-MSI) for characterizing the identity of the formed frag-
ments on the surface. MALDI-MSI directly determines the chem-
ical species on the surface and reveals the distribution of the frag-
mented peptide 2 with a spatial resolution up to 100 μm (Figure
S17, Supporting Information). Moreover, photopatterning was vi-
sually demonstrated by the Proteostat assay that only stains in-
tact amyloid structures, which can then be detected by fluores-
cence microscopy. The surface areas that were directly exposed to
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Figure 3. Patterning of glass slides coated with photocleavable amyloid-like fibrils. A) Schematic representation of the workflow. The peptide layer is
applied on an agarose pre-treated glass slide and exposed to UV-light through a photomask. The fibril morphology is destroyed where UV-light can
reach the surface, which is visualized via fluorescence microscopy of Proteostat-stained samples. Before seeding the cells, the photopatterned surface is
stored for 5 h in water to allow morphology change of the irradiated parts. Cells seeded for 15 h on the patterns only attach to the non-irradiated regions,
where fibrils remain intact. B) Fluorescence microscope image of Proteostat-stained photopatterned peptide layer depicting the head of Minerva and
MPIP logo (scalebar: 500 μm). C) Fluorescence microscopy image of A549 cells seeded on photopatterned peptide layer. The UV exposure alters the
ability of the amyloid-like fibrils to sustain cell culturing and results in cell patterning (scalebar: 5 mm).

UV-light reveal less fluorescence and appear darker compared to
the non-exposed regions. Via this photopatterning technique, res-
olutions down to 10 μm could be achieved (Figure 3B; Figure S16,
Supporting Information), which is in the size-range of a single
A549 cell and thereby suitable for accurate cell patterning.

2.4. Spatially Controlled Cell Pattern

We have reported previously that bioactive amyloid-like nanofib-
rils, which bind to cellular membranes[63] and support neuronal
outgrowth,[61] require a positive net charge, fibrillar morphol-
ogy, as well as high content of 𝛽-sheet structures. As demon-
strated in the previous sections, the intact CKFK-PCL-FQF pep-
tide can provide these features in regard to their morphology
(Figure 2) and charge (Figure S22, Supporting Information) but
loses them upon irradiation. We therefore aimed to create spatial
cell patterns by photoinduced degradation of these fibril prop-
erties and applied A549, Chinese Hamster Ovary (CHO), and
Raw-Dual type cells as model cell-lines. The cell distribution
was analyzed by fluorescence microscopy and attached viable
cells were stained in green with calcein (Figure S18, Support-

ing Information). The CellTiter-Glo assay confirmed the non-
toxic character of irradiated and non-irradiated fibril regions (Fig-
ure S19, Supporting Information). A549 cells (Figure 3C), CHO,
and Raw-Dual cells (Figure S20, Supporting Information) did not
attach to irradiated areas whereas non-irradiated areas with in-
tact fibril-coating showed robust cell attachment which was due
to differences in morphology and secondary structure of irradi-
ated and non-irradiated fibril areas. Control experiments with-
out peptide coating and with the non-photoresponsive CKFK-
NCL-FQF fibrils did not show any cell attachment and cell pat-
terning, respectively (Figure S21, Supporting Information). To
determine the resolution limit for cell-patterning, we applied
a photomask with elements of different size down to 10 μm
(Figure S15B, Supporting Information Figure 4A). Cell patterns
could be clearly identified for fibril patterned elements larger
than 100 μm (Figure 4B-i,ii). Motifs smaller than 40 μm (Fig-
ure 4B-iii,C-iii) could not be resolved. In summary, cell pat-
terning was achieved by photopatterning of photocleavable pep-
tides on surfaces. Intact fibrillar morphology induced cellular
attachment whereas photocleavage of irradiated fibril surface
areas resulted in complete loss of their ability to support cell
adhesion.
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Figure 4. Cell pattern resolution limit shown for A549 cells, which were incubated on a photopatterned peptide fibril surface. A) The photomask (Figure
S15B, Supporting Information) enables the creation of motifs of various sizes as shown via Proteostat staining (scalebar: 2 mm). A-i–iii) shows regions
of interest depicting the smallest resolvable motif, which is 10 μm as part of the letter “M” (scalebar: 500 μm). B) Cells seeded on this photopatterned
surface (B, scalebar: 2 mm) show that cell pattern can be clearly observed for motifs with a size larger than 100 μm (B-i-iii, scalebar: 500 μm) but not for
motifs smaller than 40 μm (B-iii, scalebar: 500 μm). C) Enlarged details of B-i-iii) (C-i; scalebar: 500 μm), (C-ii,iii; scalebar: 100 μm) show cell alignment
at the borders of the patterning motifs. Distance bars show width of indicated patterning elements.

3. Conclusion

We have successfully demonstrated the synthesis of a photoreac-
tive SAP sequence that forms cell-adhesive fibrillar surface coat-
ings supporting spatially controlled cell attachment. Positioning
the PCL at a critical position within the self-assembling sequence
resulted, after the irradiation process, in the formation of a posi-
tively charged and a lipophilic fragment that were no longer able
to form ordered, cell-adhesive nanofibrils. Fibril morphology was
locally destroyed through UV-light irradiation as an external trig-
ger resulting in immediate loss of 𝛽-sheet structures, nanofib-
ril morphology, and cell adhesiveness of the SAPs. Using pho-
tomasks, cell-adhesive and cell-repulsive areas were fabricated
with resolutions of up to 10 μm precision. We envision that this
method could be applied to create UV-treatable peptide layers on
various substrates and various cell-types to realize a versatile cell
patterning technique and establish amyloid-like fibrils as adap-
tive functional materials in biologically relevant model environ-
ments. Embedding these photoresponsive peptide fibrils into a
3D cell-matrix for spatiotemporal control over structural integrity
may provide access to tailored and customizable 4D cell culture
materials. More broadly, these findings are important beyond bio-
materials applications by providing a direct correlation between

morphology and cell-interactions and for understanding bioac-
tivity of amyloid fibrils in general.

4. Experimental Section
Materials: For peptide synthesis, OxymaPure, Fmoc-Cys(Trt)-OH,

Fmoc-Gln(Trt)-OH, Fmoc-Gly-OH, Boc-Gly-OH, and Fmoc-Phe-Wang
resin, and (2-(1H-benzotriazol-1yl)-1,1,3,3-tetramethyluronium hexafluo-
rophosphate (HBTU) were purchased from Novabiochem, Merck. Fmoc-
Lys(Boc)-OH, Fmoc-Phe-OH, piperidine, trifluoroacetic acid (TFA), N,N-
diisopropylethylamine (DIPEA), and N,N″-diisopropylcarbodiimide were
purchased from Carl Roth GmbH + Co. KG. Peptide-synthesis-grade sol-
vents (dichloromethane and dimethylformamide) were acquired from
Acros Organics. Solvents used for synthesis were purchased in HPLC
grade purity or higher from Sigma–Aldrich (diethyl ether, DMSO, ethanol),
Fisher Scientific (dichloromethane, chloroform, hexane, dimethylfor-
mamide, acetone, acetonitrile, ethyl acetate, and tetrahydrofuran), or VWR
Chemicals (methanol). Proteostat was purchased from Enzo Life Sciences.
Thioflavin-T was purchased from Sigma–Aldrich. Dulbecco’s modified ea-
gle medium (DMEM), F-12K Nutrient Mixture Kaighns’s Modification
(Nut Mix (1X)), heat-inactivated (30 min at 56 °C) fetal bovine serum
(FBS), MEM non-essential amino acid solution, penicillin (10.000 U per
mL), and streptomycin (10 000 μg mL−1) were purchased from Gibco
(Darmstadt, Germany). Normocin and Zeocin were purchased from In-
vivoGen.
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Methods: Linker-Synthesis: The photocleavable (PCL, 4-(4-(1-(([(9H-
fluoren-9-ylmethoxy)carbony]glycyl)oxy)ethyl)-2-methoxy-5-nitrophenoxy)
butanoic acid) and non-photocleavable (NCL, 4-(4-(2-(2-([(9H-fluoren-
9-ylmethoxy)carbonyl]amino)acetamido)ethyl) phenoxy)butanoic acid)
linkers were synthesized according to literature.[11,60]

Solid-Phase Peptide Synthesis and Characterization of CKFK-PCL-FQF 1
and CKFK-NCL-FQF 4: Peptides were synthesized using an automated mi-
crowave peptide synthesizer (CEM, Liberty BlueTM) from C to N-terminus
according to fluorenylmethyloxycarbonyl (Fmoc) solid phase peptide syn-
thesis strategy by Merrifield using the Fmoc-L-Phe-Wang resin (Scheme
S1, Supporting Information). The coupling reaction of the PCL[60] (5
equiv.) or NCL[60] (5 equiv.) to the peptide sequence FQF on solid phase
was performed manually in DMF with HBTU (5 equiv.) and DIPEA (10
equiv.) for 24 h at room temperature. Successive coupling of the following
amino acids (CKFK) was carried out using an automated microwave pep-
tide synthesizer as described in detail in Section S1.1, Supporting Informa-
tion. Cleavage from the resin was performed by shaking in a solution of
TFA containing 2.5% water and 2.5% triisopropylsilane for 2 h at room tem-
perature. This solution was added to cold diethyl ether (40 mL) to afford a
white precipitate and afterward centrifuged three times at 4 °C, 4000 rpm
for 15 min. The precipitate was dissolved in water with 0.1% TFA and puri-
fied via high performance liquid chromatography (HPLC) (Shimadzu mod-
ules DGU-20A5R, LC-20AP, CBM-20A, SPD-M20A, SIL-10AP, and FRC-18A
with Phenomenex Gemini 5 μm NX-C18, 110 Å, 150 × 30 mm) using a gra-
dient of water and acetonitrile containing 0.1% TFA as the mobile phase
at a flow rate of 25 mL min−1. Chromatography was monitored with a UV
absorption detector at 214 and 254 nm. After lyophilization, a white solid
(yield 10%) was obtained. The peptides were identified via matrix assisted
laser desorption/ionization time of flight (MALDI-ToF) mass spectrome-
try and purity (>95%) was confirmed by LC-MS. MALDI-ToF-MS was con-
ducted on a Bruker rapifleX MALDI-TOF/TOF and a Waters MALDI Synapt
G2-SI instrument. The samples were mixed with a saturated 𝛼-cyano-4-
hydroxycinnamic acid (HCCA) solution in water/ACN 1:1 + 0.1% TFA be-
fore measurement and applied to the target via dried droplet method.[74]

The data were evaluated with mMass software. LC-MS was conducted on
a Shimadzu LC-2020 Single Quadrupole MS instrument with the modules
LC-20AD, SIL-20ACHT, SPD-20A, and CTO-using a Kinetex EVO and C18
100 Å LC 50 × 2.1 mm column with 2.6 μm pore size. A gradient of ace-
tonitrile/water mixture with 0.1% formic acid (5% ACN to 95% ACN over
20 min) was used as eluent. Samples were dissolved either in methanol
or MilliQ water to a concentration of 0.01 mg mL−1 and monitored
at 214 nm absorption. The data were processed with LabSolutions and
Origin.

Photocleavage Kinetics in Solution: The photocleavage kinetics in solu-
tion were conducted analogous to a previous report.[60] Briefly, the pep-
tides were predissolved in DMSO to a concentration of 10 mg mL−1 and
subsequently diluted to a concentration of 1 mg mL−1 with pure MilliQ
water. Irradiation was conducted using an LED by Opulent Americas (Star-
board Luminus SST-10-UV-A130, 𝜆= 365 nm) operating at a current of 1 A
and a radiant flux of 875 mW with varying exposure times ranging from 0
to 20 min. 50 μL of the samples was injected per run in a Shimadzu system
(modules DGU-20A5R, LC-20AT, CBM-20A, SPD-M20A, SIL-10ACHT, and
CTO-20AC) with an Agilent ZORBAX Eclipse XDB-C18, 80 Å, 5 μm, 9.4 ×
250 mm column at a flow rate of 4 mL min−1 and MilliQ water and ACN
with 0.1% TFA as a gradual eluent from 5% to 80% ACN in 15 min.

Nanofibril-Formation: The peptides were predissolved in DMSO to a
concentration of 10 mg mL−1. The solution was immediately diluted to
1 mg mL−1 using MilliQ water. The pH was adjusted to 7.4 ± 0.4 using
0.1 m NaOH and 0.1 m HCl solutions and checked with a pH electrode. To
complete fibril formation, the pH-adjusted peptide solution was incubated
24 h at room temperature.

Amyloid-Like Fibril Characterization From Solution: Transmission elec-
tron microscopy (TEM) measurements, ThioflavinT (ThT) measurements,
and attenuated total reflection Fourier transform infrared (ATR-FTIR) spec-
tra for nanofibril characterization were prepared and conducted analogous
to a previous report.[60] Monomer to fibril conversion was determined as
previously reported.[63] CD measurements were conducted on a JASCO
1500 instrument in a 1 mm quartz cuvette (HellmaAnalytics) from 190 to

260 nm with preformed fibrils diluted to 0.1 mg mL−1. For the characteriza-
tion of irradiated samples, the preformed fibrils were irradiated in solution
with an LED by Opulent Americas (Starboard Luminus SST-10-UV-A130)
operated at 365 nm at a current of 1 A and a radiant flux of 875 mW. Un-
less indicated otherwise, the characterization was conducted immediately
after irradiation. The characterization of irradiated fibrils was conducted
analogous to non-irradiated samples.

Precoating of Microscope Slides With Agarose: Glass slides were pre-
cleaned with acetone and isopropanol. An aqueous agarose solution (1
wt%) was cooked 1 h in order to obtain a fully dissolved and transparent
solution. The slides were then dipped in the hot (90 °C) agarose solution
for 3 min and thereafter slowly (800 μm s−1) lifted up from the solution
with an automated stage. The slides were air-dried before further usage.

Fabrication of Nanofibril-Coated Surfaces: Surface coatings of SAPs
were achieved by homogenous distribution and incubation of 300 μL,
0.25 mg mL−1 preformed fibrils on agarose-coated microscopy slides (75
by 26 mm) overnight. Excess solvent was removed by flipping and the
slides were dried. After photo-patterning, the slides were stored in MilliQ
for 5 h before conducting cell studies.

Irradiation of Surface With Photomask: In order to create patterns of ir-
radiated photoresponsive SAP, a photolithography mask (SELBA) was ap-
plied. UV exposure was realized with an LED by Opulent Americas (Star-
board Luminus SST-10-UV-A130, 20 min, 𝜆 = 365 nm, 1 A, 875 mW) for
the patterning of motifs (Figure S15A, Supporting Information) or with a
SÜSS MicroTec MA6 mask aligner (10 s, 𝜆 = 365 nm, 9 mW cm−2 350 W
Hg) for the photopatterning of motif (Figure S15B, Supporting Informa-
tion).

Atomic Force Microscopy: Atomic force microscopy (AFM) was con-
ducted in liquid state with a JPK NW III atomic force microscope for com-
pound 1 or with a Bruker Dimension FastScan BioTM atomic force mi-
croscope for compound 4. AFM probes with a nominal force constant of
2 N m−1 or 0.25 N m−1 were used, respectively and operated in tapping
mode with a resonance frequency of 70 kHz (OLTESPA-R3, Bruker). Sam-
ples were irradiated in situ by using an LED by Opulent Americas (Star-
board Luminus SST-10-UV-A130) operating at a current of 1 A, 875 mW
at 365 nm for 20 min while being measured. Images were processed with
Gwyddion 2.59.

Pattern Analysis by Proteostat Assay: Proteostat-staining was applied as
an amyloid-sensitive dye to detect intact fibrils after UV treatment of 1.
A Proteostat Kit by Enzo Lifesciences was used for analysis. 1 μL of the
assay buffer was diluted in 99 μL MilliQ water. 0.1 μL of the Proteostat
stock solution was added and thoroughly mixed and 500 μL of the solu-
tion was placed on the sample to cover the peptide-coated area as well as
a part of the non-coated area for reference. After incubation in the dark for
15 min, the solution was removed and samples were dried. The measure-
ment was conducted on a Leica Thunder DMI8 microscope coupled to a
Leica DFC9000 GTC VSC-12365 camera with HC PL FLUOTAR 10×/0.32
DRY objective. The fluorescence emission was detected at 550 nm upon
excitation at 475 nm. Images were processed with Leica Application Suite
X (LAS X).

Cell Culture: A549 human wild-type cells, a human alveolar basal epithe-
lial carcinoma cell line (obtained from Abcam), were cultivated in DMEM
supplemented with 10% heat-inactivated (30 min at 56 °C) FBS, 1% MEM
non-essential amino acid solution as well as 1% penicillin (10 000 U per
mL) and 1% streptomycin (10 000 μg mL−1) at 37 °C under a humidi-
fied atmosphere with 5% CO2. Chinese Hamster Ovary (CHO) type cells,
an epithelial cell line derived from hamster ovaries was cultivated in F-
12K Nut Mix supplemented with 10% heat-inactivated (30 min at 56 °C)
FBS, 1% penicillin (10 000 U per mL), and 1% streptomycin (10 000 μg
per mL). The RAW-Dual reporter cell line (264.7) was purchased from
InvivoGen (San Diego, CA, USA) and cultured in DMEM-GlutaMAXTM
medium, which was supplemented with 10% fetal bovine serum, 1% peni-
cillin/streptomycin, 0.02% normocin, and 0.01% zeocin at 37 °C with 5%
CO2 saturation. Cells were reseeded at least twice weekly. For splitting of
A549 and CHO cells, the cells were washed with DPBS, trypsinated, and re-
suspended in supplemented culture medium. Splitting of Raw-Dual cells
was conducted by scratching cells and resuspending in supplemented cul-
ture medium.
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For the cell patterning, A549 and CHO cells were washed with PBS,
trypsinated, centrifuged (4 min, RT, 500 rpm), and resuspended in sup-
plemented medium, and the Raw-Dual cells were scratched, centrifuged
(4 min, RT, 500 rpm), and resuspended prior to seeding on the respec-
tive surfaces with a density of 5 × 104 cells per petri dish (8 cm diameter)
in 16 mL medium. This was followed by overnight (15 h) incubation in
the respective supplemented culture medium at 37 °C under a humidified
atmosphere with 5% CO2. The cells were then treated with calcein-AM
staining. To this end, the cells were washed three times with PBS. The cell-
culture medium was then replaced by 15–16 mL supplemented medium
containing 1 μm calcein-AM solution (prepared from 10 mg mL−1 solu-
tion in DMSO) and the cells were incubated at 37 °C under a humidified
atmosphere with 5% CO2 for 30 min. Live imaging was performed subse-
quently on a Leica Thunder DMI8 microscope coupled to a Leica DFC9000
GTC VSC-12365 camera with a N PLAN 5×/0.12 DRY objective. The fluo-
rescence emission was detected using a 519 nm filter upon excitation at
475 nm. Images were processed with Leica Application Suite X (LAS X).
All cell-culture experiments were repeated at least in triplicates.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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BioChem 2019, 20, 1376.
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