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Brook-Taylor-Str. 2, 12489 Berlin, Germany
‡Stratingh Institute for Chemistry, University of Groningen, Nijenborgh 7, NL-9747 AG Groningen, The Netherlands
§Soft Matter and Functional Materials, Helmholtz-Zentrum Berlin für Materialien und Energie, Hahn-Meitner-Platz 1, Berlin,
Germany

*S Supporting Information

ABSTRACT: Tailor-made drug solubilizers are studied based
on peptide-poly(ethylene glycol) conjugates, which exhibit
peptide segments constituting binding motifs for the small-
molecule drugs of interest to render them water-soluble. Suitable
7mer peptides are selected via combinatorial means by screening
large one-bead-one-compound (OBOC) peptide libraries. The
capability of the screening method to read out structural detail of
the drugs is investigated by comparing three related photo-
sensitizers (Chlorin E6 (Ce6), Pheophorbide A (Pba) and meta-
tetra(hydroxyphenyl)chlorin (m-THPC), which are applicable
for photodynamic cancer therapy. The screening procedure
delivers de novo solubilizers that show the best solubilization
efficiency for the drug the screening is performed with. While molecular recognition events between peptide and drug are not
expected to be found, significant binding capacity differences of, e.g., the Ce6-solubilizer for Pba are suggesting selectivity in drug
binding, even among structurally closely related drugs. Cyro-Electron microscopy revealed the formation of colloidal aggregates
between drug moieties and peptide conjugates. Insights into relevant amino acids in the identified peptide sequences are gained
by studying capacities of systematic point mutations (alanine scans), enabling understanding of drug-binding motifs. These reveal
the importance of sequence positioning of appropriate H-bonding between polar functional groups of the peptide and the drugs,
which agrees well with computational binding studies performed on drug/peptide model complexes.

■ INTRODUCTION

Water insolubility of small-molecule drug compounds imposes
one of the key limitations in pharmaceutical drug develop-
ment.1 Tremendous efforts are being spent to improve
solubility and bioavailability of potential drug candidates to
overcome undesired pharmaceutical profiles, which can
otherwise cause adverse effects and eventually lead to structure
failure.2 Increasingly sophisticated drug formulation additives
and drug delivery systems (DDS) are in development to not
only improve drug bioavailability for therapeutic applications
but also increase compound solubility to enable early drug
structure testing without performing consecutive structure
adaption cycles of a high-potential lead structures.3−11 Still, the
majority of DDS rely on unspecific, hydrophobic interactions of
drug and carrier, e.g., in the case of amphiphilic block
copolymer micelles, dendrimers, protein carriers, or lip-
osomes.12−18 Recently, biohybrid polymers composed of
sequence-defined biosegments and synthetic polymers proved
their potential for biomedical applications, enabling stealth or

(bio)active coatings as well as responsive drug carriers or
structured hydrogel scaffolds for tissue growth.19−30 Beyond
common strategies of established amphiphilic block copoly-
mers, an approach has been described to more precisely adapt
peptide-poly(ethylene glycol) (peptide-PEG) conjugates spe-
cifically to solubilize fluorescent or nonfluorescent drug
entities.31,32 Suitable peptides could be selected by screening
large split&mix peptide libraries33 for drug binding sequences.
Besides experimental kinase inhibitors and anti-Alzheimer
drugs, the fluorescence-based screening method was established
for meta-tetra(hydroxyphenyl)chlorin (m-THPC, Foscan34) one
of the most effective second generation chlorin-type sensitizers
for photodynamic cancer therapy35 (PDT).8,31,32 Relevant
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parameters for drug carriers, like drug payload capacity, drug
release kinetics, and aggregate shape could be fine-tuned by
alteration of the peptide sequences, PEG-block length, and
conjugate architecture.31,36,37 The ability to trigger release was
shown by introduction of reductively cleavable disulfide linkers
into the peptide-based drug binding motifs.38 Transient drug
binding allows for the realization of “drug solubilizers”, which
appear to be advantageous for PDT. Tailored drug solubilizers
sufficiently improve drug availability to enhance trans-
solubilization kinetics of photosensitizers toward blood plasma
proteins. These biological transport systems are exploited to
ultimately distribute the photosensitizer systemically. Recent
progress in the field of PDT benefits also from a structurally
very rich and potent set of photosensitizers including chlorins,
bacteriochlorins, and porphyrins.39−42 The fundamental under-
standing of structure/mode-of-action relationships, with its
underlying biophotophysics of types I and II reactive oxygen
species production,43 demands advanced drug formulation
strategies. Even cellular compartment targeting of photo-
sensitizers might become relevant to improve the clinically
approved PDT.44,45 However, other therapy forms will require
stronger drug binding, resulting in effective drug hosting and
transport in biosettings. To realize this, existing dermal delivery
systems based on polymer nanogels could be equipped with
peptide segments to specifically host m-THPC without
jeopardizing the delivery activity through the skin barrier.46

Here, we elucidate the specificity of drug−peptide inter-
actions in peptide-PEG conjugate-based solubilizers, which
exhibit peptide sequences identified through combinatorial
means to bind to one of three closely related photosensitizers
m-THPC, Chlorin E6 (Ce6), and Pheophorbide A (Pba) (cf.
Figure 1). The objective was to evaluate the capability of the

screening procedure to read out minor structural changes
between small-molecule drugs and deliver peptides that reflect
those differences within the amino acid sequences. Further-
more, insights into peptide-drug host−guest interactions at the
molecular level will be provided by means of systematic amino
acid point mutations (Alanine scans) and computational
binding studies.

■ RESULTS AND DISCUSSION

The competitive study investigated three photosensitizers,
which all possess the chlorin scaffold and only differ in the
type and orientation of the peripheral substituents (Figure 1A).
m-THPC has four symmetric hydroxyphenyl substituents in the
meso-position of the chlorin structure. Ce6 and Pba are both
unsymmetrically substituted and present on one side of the
planar aromatic scaffold hydrophobic methyl, ethyl, and vinyl
groups, whereas on the opposite side polar/charged function-
alities are pendent. Pba displays one carboxyl, an ester, and a
ketone functionality, whereas Ce6 shows three carboxyl groups,
making Ce6 the most water-soluble compound of the three
sensitizers. The increase in polarity of the photosensitizers is
reflected in a decrease of the partitioning coefficients that were
calculated for cLogP m‑THPC = 6.48, cLogP Pba = 3.93, and
cLogP Ce6 = 3.62.
The screening of appropriate peptide binders for m-THPC

has been reported recently.31 For direct comparison, the same
screening assay and identical peptide library were applied to
select peptidic binding partners for Ce6 and Pba. By following
the procedure originally developed for m-THPC, a one-bead-
one-compound peptide library with about 8.2 × 105 7mer
sequences constituted from seven different amino acids (F, L,
G, K, Q, S, E) was incubated with either Ce6 or Pba. The
partitioning of the drugs in the library and the enrichment of
the sensitizers at certain beads, which present suitable peptides,
was followed by fluorescence microscopy at excitation of 668
and 674 nm for Ce6 and Pba, respectively (SI, Figure S1). For
both sensitizers, 40 positive beads were selected, the peptides
were isolated after cleavage from the supports by cyanogen
bromide,31,47 and MALDI-ToF-MS/MS revealed amino acid
sequences suitable for drug binding. A clear enrichment of
aromatic Phe, hydrophobic Leu, and polar Gln residues is
evident (SI Tables S1 and S2). In direct comparison to
sequences found for m-THPC binders, the Phe residue is
slightly less enriched, but the more polar Ser was found to be
more present for both Ce6 and Pba (SI Figure S2). This may
reflect the absence of the aromatic substituents from m-THPC,
making hydrogen bonding more relevant for interactions with
Ce6 and Pba.
From those screening results, two amino acid sequences were

selected for each sensitizer compound, and the corresponding
peptide-poly(ethylene glycol) peptide-PEG conjugates were
synthesized (Figure 1). H2N-QFQQSFF-PEG (PICe6) and
H2N-QLLLQLF-PEG (PIICe6) represent peptide binders for
Ce6 that reflect the obvious importance of Gln and Leu
residues for interactions with Ce6 as evidenced by the screening
results. Furthermore, PICe6 includes three aromatic Phe
residues, which might facilitate π−π-stacking between peptide
and chlorin scaffold of the photosensitizer. Interestingly, PIICe6
contains four Leu, one Phe, and two Gln residues, which have
been proven to be relevant for hosting m-THPC (cf. PIImTHPC,
H2N-QFFLFFQ-PEG).

31 Counterintuitively, the set of Ce6
binders was not dominantly enriched with Lys as cationic
residue enabling Coulombic interactions. This might point to
strong intramolecular interactions of the three carboxyl
functionalities in Ce6. For Pba binders the peptide-PEG
conjugates H2N-FQLFQLQ-PEG (PIPba) and H2N-FLFKEKS-
PEG (PIIPba) were selected, exhibiting also Phe, Leu, and Gln
residues. While for Pba binders similar residues are selected
compared to PIImTHPC, no central hydrophobic and aromatic
block segments are found. Instead, Phe and Leu residues were

Figure 1. (A) Structures of screened photosensitizers Chlorin E6,
Pheophorbide A, and m-THPC. Amino acid sequences of potential
peptide-PEG conjugate solubilizers for (B) Chlorin E6 (PICe6 and
PIICe6), (C) Pheophorbide A (PIPba and PIIPba), and (D) the
reference conjugate found for m-THPC (PIImTHPC).
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consistently separated by polar Gln residues. PIIPba comprises a
polar and charged C-terminus with two Lys and a Glu residue,
whereas N-terminal a hydrophobic FLF trimer is found. This
sequence was studied since within the screening several
peptides with charged Lys residues in the C-terminal region
were selected (cf. SI). These sequence constitutions potentially
allow for hydrogen bonding to the Pba carboxyl function,
whereas the N-terminal hydrophobic trimer makes π−π-
stacking with the aromatic scaffold of Pba feasible.
The peptide conjugates were loaded with the sensitizers

following a modified forced loading protocol, developed for m-
THPC (cf. SI).31 Briefly, Ce6 or Pba were dissolved in DMSO
and solutions of the corresponding peptide-PEG conjugates in
water were added, followed by freeze-drying in vacuo. The dry
mixture was resuspended in water, and not solubilized sensitizer
was removed by centrifugation. Concentration determination of
solubilized drug molecules was performed by means of UV−vis
absorption spectroscopy.
In general, the screening procedure provides peptide

sequences that allow for the effective solubilization of the
particular target drug, which has been used in the selection
process (cf. Figure 2). PICe6 was able to solubilize 0.56 mmol

Ce6 per mmol carrier (1:1.8 molar drug/carrier ratio), whereas
PIICe6 showed only a concentration of 0.02 mmol Ce6 per
mmol carrier (1:50 molar drug/carrier ratio). Apparently, a
high number of aromatic and polar side chain functionalities
such as Phe and Gln residues seem to be favorable for
solubilization of Ce6 compared to a high content of
hydrophobic Leu residues (cf. PICe6 versus PIICe6). In the
case of Pba, PIPba and PIIPba were able to solubilize 0.45 and

0.42 mmol per mmol carrier, respectively (1:2.2 and 1:2.4
molar ratio). Again, the combination of Phe, Leu, and Gln
(PIPba) proved to be successful for solubilization of the
sensitizer. Interestingly, PIIPba, which carries only a rather small
aromatic and hydrophobic FLF-trimer at the N-terminus but
the charged and polar tetramer KEKS at the C-terminus, was
almost as effective in hosting Pba as the carrier PIPba. This is
noteworthy, since Lys residues particularly proved to be
unfavorable for both Ce6 and m-THPC solubilization.
Altogether, the de novo solubilizers PICe6 and PIPba have
been identified, showing rather good drug loading abilities for
their individual drugs Ce6 and Pba, respectively, if compared to
PIImTHPC found for m-THPC. For both PICe6 and PIPba
payload capacities are reached that even slightly exceed those
found for the m-THPC solubilizer PIImTHPC (0.31 mmol/mmol
conjugate, 1:3.3 molar ratio). Commonly established amphi-
philic block copolymer-based formulation additives such as
Pluronics F68 or P123 might show under some conditions even
higher payload capacities for certain hydrophobic photo-
sensitizers.48 However, the strong drug binding is based on
nonspecific, entropic interactions and could lead to slow trans-
solubilization kinetics31 that might cause extended light
sensitivity in patients after treatment.
Despite the fact that a linear screening assay was performed

for each of the drugs and drug selectivity has not been
introduced during the screening in form of any selection
pressure, the drug selectivity of the newly identified peptides
were evaluated. For that purpose, the three most promising
solubilizers PICe6, PIPba, and PIImTHPC were studied to
solubilize the respective set of off-target photosensitizers Ce6,
Pba, and m-THPC. The resulting solubilization matrix is
summarized in Figure 2 (cf. SI Table S4).
Considering the small size of the 7mer binding domains, a

remarkable and clear tendency is evident. It is noteworthy that
the screening procedure delivers de novo solubilizers, which
show the best performance for the target drugs. Conclusively,
the highest payload of Ce6 is found for PICe6, Pba is solubilized
best with PIPba and most m-THPC is solubilized by PIImTHPC.
This highlights the potential of the screening procedure to
select peptide sequences specifically adapted for the targets to
solubilize particular drug molecules. Beyond this, the hydro-
phobicity/hydrophilicity match of the solubilizer peptides and
the different drug cargos also seems to be of importance. PICe6
and PIPba were selected for more polar drug candidates. Hence
compared to PIImTHPC both PICe6 and PIPba show most obvious
selectivity for their respective target drugs as the hydrophobic
m-THPC was practically not solubilized (target: PIImTHPC/m-
THPC 1:3.3 versus off-target: PICe6/m-THPC 1:33 and PIPba/
m-THPC 1:14 (molar ratio drug:carrier)). The differentiation
between the structurally more closely related Ce6 and Pba
entities, however, appears to be most challenging. Where PICe6
strongly favors Ce6 over Pba (1:1.8 and 1:6.3), the PIPba
conjugate shows a slightly higher capacity to bind the off-target
Ce6 compared to the target Pba (1:1.9 and 1:2.2). PIImTHPC
was found for the most hydrophobic photosensitizer, and
therefore it seems to be understandable that both Ce6 and Pba
can interact with the binding peptide most likely via
nonsequence specific hydrophobic/entropic interactions. This
is reflected in the payload values obtained for PIImTHPC off-
target capacities 1:2.1 (Ce6) and 1:2.7 (Pba) compared to the
target capacity of 1:3.3 for m-THPC.
It should be emphasized that despite the structural relation of

Ce6, Pba, and m-THPC as well as the similarities in amino acid

Figure 2. Reachable maximum loading capacities of three different
drugs Ce6, Pba, and m-THPC solubilized by the three different
solubilizer conjugates PICe6, PIPba, and PIImTHPC (A) and solubiliza-
tion matrix (B) summarizing obtained drug:carrier ratio (green), type,
and number of anticipated amino acid residues that meet character-
istics of the different drug structures (blue-type and red-number with
subscript showing occurrence of relevant residues in noninterrupted
manner).
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residues that compose the short 7mer sequences of PIImTHPC,
PICe6, and PIPba some effects on drug-tailored binding are
evident. Clearly, the applied screening procedure and the
peptide length are limiting the specificity reachable to
distinguish between the drug entities. Hence, the contacts
between de novo solubilizers and drugs are certainly far away
from molecular recognition events. Those, however, are also
not needed in these particular transport solubilizer systems.
The differences in payload and apparent drug selectivity

within the set of conjugate solubilizers might be rationalized by
taking amino acid residues into account, which meet character-
istics of the different drug structures (cf. Figure 2B). Based on
the occurrence of Phe residues, π−π-stacking interactions with
the chlorin scaffolds are relevant for each of these drugs.
Moreover, following the increase in hydrophobicity from Ce6
to Pba to m-THPC, a general decrease in the importance of
polar amino acid residues such as Gln and Ser could be
anticipated, which is in line with an increase in the importance
of the hydrophobic Leu residue. As summarized in Figure 2,
maximum capacity for the most polar Ce6 and most nonpolar
m-THPC can be expected, when a maximum number of
relevant residues are occurring in a blocked, noninterrupted
manner. The small 3 × 3 matrix of peptide sequences and drugs
does not offer the full picture, but a reduction of both the
number of relevant amino acid residues and the continuous
occurrence of these residues in the sequences indicate a
negative effect on the solubilization behavior.
To evaluate the contribution of amino acid residues at

specific sequence positions to the overall drug loading capacity,
systematic residue point mutations (alanine scan) of PIImTHPC,
PICe6, and PIPba were synthesized and investigated (cf. Figure
3). This study gave rise to a set of seven mutated conjugate
carriers per photosensitizer (cf. SI). The Ala-containing
conjugates were loaded with their respective target drug and
loading capacities were compared to that of the wild-type
reference conjugate (Figure 3).
The investigation of the point-mutated solubilizers originat-

ing from the conjugate PIImTHPC revealed the obvious
importance of hydrophobic and π−π-stacking interactions as
the main driving force for solubilizing m-THPC. Replacing one
of the aromatic Phe residues or the central Leu by Ala is

followed by a substantial loss in payload capacity, whereas N- or
C-terminal polar Gln residue substitution showed enhanced
solubilization efficiency. This behavior was expected since m-
THPC exhibits a highly hydrophobic and aromatic structure
compared to Ce6 and Pba with four equal hydroxyphenyl
substituents in meso-position. Surprisingly, for PICe6 and PIPba
replacing polar Gln and Ser residues by Ala, especially close to
the PEG-connected C-terminus, showed a dramatic reduction
of the payload capacity compared to a Phe and Leu
substitution. Close to the N-terminus, however, the effect is
almost negligible. It is noteworthy that Gln4 and Ser5 for PICe6,
as well as Gln5 and Gln7 for PIPba, apparently contribute as
much to drug binding as the aromatic Phe residues in the
sequences. This is pointing out the importance of H-bonds for
the binding and solubilization of the more polar photo-
sensitizers Ce6 and Pba, whereas residues with H-bond donor
and acceptor side-chain functionalities can be neglected for m-
THPC binding.
As previously shown, m-THPC was solubilized by peptide-

PEG conjugates in the core of colloidal aggregates, exhibiting a
silent, inactivated drug state.31 To elucidate potential differ-
ences in modes of solubilization, which could be the origin for
differences in drug payload, cryogenic transmission electron
microscopy (cryo-TEM) was utilized to investigate aggregate
formation of the selected conjugate solubilizers and their
respective target drugs (cf. SI Table S5). Irrespective of the
peptide segment, all solubilizers PICe6 and PIPba and PIImTHPC
behave in a similar manner in the absence of their cargo.
Colloidal aggregates with radii in the range of about RTEM = 5−
17 nm could be observed. These globular aggregates in each
sample are well-dispersed and nonagglomerated, and the sizes
found are too large to correspond to a classical micellar
aggregate form. After drug loading, the aggregates remain fairly
globular, and the size of the primary colloids increases only
slightly to RTEM = 7−19 nm in the case of both PICe6/Ce6 and
PIPba/Pba complexes and larger objects with RTEM of up to 24
nm could be found for PIImTHPC/m-THPC complexes. The
cryo-TEM micrographs indicate for all drug complexes
investigated a tendency to agglomerate to larger colloidal
clusters. In fact, such a mode of stabilization of additional
hydrophobic interfaces could be expected, as the sizes of the

Figure 3. Effect of amino acid sequence positions on maximum drug payload by comparing the maximal loading of a set of point-mutated conjugate
solubilizers (A) to their parent compounds. Changes in relative payload obtained by PIImTHPC/m-THPC (B), PICe6/Ce6 (C), and PIPba/Pba (D).
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primary colloids are not dramatically changing even at high
cargo load of 1:2 as found in PIPba/Pba complexes. Dynamic
light scattering measurements of solutions of all drug-loaded
samples indicated average complex sizes below Rh < 100 nm
and hence confirm a window suitable for biomedical
applications (cf. SI Table S5).
To gain insight into the putative noncovalent interactions

between the cargo and the carrier peptides at a molecular level,
molecular-modeling studies were performed by using the MAB
force field implemented in the software MOLOC.49 Idealized
1:1 complexes of Pba and Ce6 with the corresponding peptides
were modeled. The C-terminal PEG moieties of the solubilizers
were reduced to a single oligo(ethylene glycol) unit for ease of
computational accessibility as PEG-drug interactions can be
neglected. Figure 4 shows the two preferential dispositions of

the peptides around Pba and Ce6 that were found in each case.
Generally speaking, when hydrophobic residues are not
involved in direct interactions with the cargo, they are engaged
in intramolecular hydrophobic contacts, contributing indirectly
to the stabilization of the drug/carrier complex.
The modeled interaction of Ce6 with PICe6 is apparently

dominated, besides π−π−stacking with Phe residues, by the
formation of a complex network of H-bonding interactions that
are mediated by the side chains of Gln4 and Ser5 residues that
are in proximity of Ce6. A similar pattern of H-bonding
interactions is observed also in the predicted interaction modes
for the complex PIICe6/Ce6. Moreover, two out of the four Leu
residues of PIICe6 interact directly with Ce6, while one is
engaged in intramolecular hydrophobic contacts leaving the
fourth Leu residue solvent-exposed. The computational models
suggest that for Pba, a sandwich-type complex is possible with
PIPba, in which Pba is involved in π−π-stacking interactions
with the side chain of a Phe residue and with the side-chain
amide moiety of a Gln residue. Two H-bonding interactions
with the carboxylate moiety of Pba anchor the peptide to Pba,
favoring the positioning of the peptide around Pba for the
formation of a sandwich-type complex. For the complex PIIPba/
Pba, a stable sandwich-type complex could not be found.
However, the predicted complex is stabilized by numerous
hydrophobic contacts. Also, in this case, the peptide is anchored
to Pba through a hydrogen-bonding interaction between the

carboxylate moiety of Pba and the side-chain amino group of a
Lys residue. While for PIIPba/Pba and PICe6/Ce6, stoichio-
metric 1:1 complexes might be feasible according to our
modeling studies, in the case of PIPba/Pba and PIICe6/Ce6 the
presence of hydrophobic yet solvent-exposed residues might
suggest that a stoichiometric 1:1 complex formation between
the drug and host peptide is unlikely to occur. Interestingly,
results of modeling studies are in very good agreement with
PICe6 and PIPba alanine scans (Figure 3 and SI Figure S32).
Substitution of Gln1 and Gln3 in PICe6 had only a minor effect
on the payload capacity. Modeling showed a binding mode
where these residues are both pointing away from the drug
molecule and do not contribute to Ce6 binding. This is equally
the case for Gln2 and Leu3 of PIPba. Whereas N-terminal Gln
and Leu residues proved to be important, Gln2 and Leu3 show
no noticeable interaction with Pba. Together with the cross
solubilization experiment between PICe6, PIPba, and PImTHPC,
Ala-scanning and modeling studies highlight the sequence-
dependent specific interaction between screened drug moiety
and tailor-made conjugate carrier. It should be noted that the
revealed binding interactions in the different 1:1 solubilizer/
drug complexes only have model character. The findings are,
however, consistent with observations from the alanine scans.
Therefore, the interaction modes observed within the computa-
tional study are probably more likely to occur in the actual
colloidal drug-solubilizer aggregates.
In conclusion, the screening of an immobilized one-bead-

one-compound peptide library against a set of small-molecule
drugs proved to be capable of reading out structural differences
of the three related chlorin-based photosensitizers, having
different substitution patterns. The peptide sequences identified
were integrated into peptide-poly(ethylene glycol) (peptide-
PEG) conjugates to act as effective solubilizers for the
respective drug the screening has been performed with. While
the target chlorin drug was always best solubilized by the
identified peptide-PEG conjugates, additional selectivity for
solubilization of related off-target drugs could be found,
depending on the peptide sequences and polarity contrasts.
Despite the fact that the screening was not performed to
identify drug binders, which discriminate between drug
structures as no selection pressure was used to evolve the
system in this direction, some remarkable selectivity effects
could be observed. Failures of the Ce6-solubilizer PICe6 and the
Pba-solubilizer PIPba to solubilize reasonable amounts of m-
THPC were obvious. Moreover, for PICe6 significant binding
capacity differences reveals differentiation between the
structurally closely related Ce6 and Pba drugs to underline
the precision of binding between drug and carrier already at a
level of short 7mer peptides. An alanine scan of the binding
peptides was in excellent agreement with the computational
modeling study, where residues that proved to be of lower
importance regarding drug payload capacity also show no
obvious interaction with the computational simulations.
Interestingly, specific interactions in guest/host systems can
be realized already by 7mer interaction domains and do not
necessarily require the design of complex proteins. This offers
opportunities to equip existing polymer-based drug-delivery
systems with advanced functions for drug-specific transport.

■ EXPERIMENTAL PROCEDURES
Detailed description of materials, instrumentation, experimental
procedures, and analytical data are available as Supporting
Information.

Figure 4. Idealized binding studies of the drugs Chlorin E6 or
Pheophorbide A (blue sticks and van der Waals surface) with peptide
segments from of the respective bioconjugates (PICe6, PIICe6, PIPba,
PIIPba - green sticks) as 1:1 complexes ((A) PICe6/Ce6, (B) PIICe6/
Ce6, (C) PIPba/Pba, and (D) PIIPba/Pba; the images were obtained
using PYMOL).
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The peptide library for screening against Chlorin E6 and
Pheophorbide A was prepared as previously described31 on
Aminomethyl-ChemMatrix resin through manual single cou-
pling (Fmoc strategy) using PyBOP and DIPEA in NMP. The
resin was acetylated with Ac2O and DIPEA in NMP after each
coupling step and Fmoc deprotection was achieved by
treatment with piperidine (20%) in NMP. First, a cleavable
linker sequence (Gly-Gly-Met) was synthesized on the resin,
followed by a randomized 7mer sequence by split&mix
technique containing Gly, Leu, Phe, Glu, Lys, Ser, Gln at
each position.33 Finally, the resin was treated with a mixture of
94% TFA, 2.5% TES, 2.5% EDT, and 1% deionized water to
remove side chain protecting groups.
The resin-bound peptide library was incubated with Chlorin

E6 or Pheophorbide A (1.5 mmol/L) in a mixture of deionized
water and EtOH (9:1 v/v) for 72 h. Drug enrichment on beads
carrying a peptide sequence with high affinity to noncovalent
drug binding was followed via fluorescence microscopy (cf. SI
Figure S1) using a Zeiss Axio fluorescence microscope (Carl
Zeiss MicroImaging GmbH). Fluorescing beads were removed
from suspension, and peptides were cleaved from the solid
support via treatment with CNBr in 0.1 M HCl at RT
overnight. To distinguish Gln and Lys in MS analysis, peptides
were acetylated with Ac2O/AcOH in acetone. Sequencing was
performed with a 5800 MALDI ToF/ToF system (AB SIEX)
using AHCA as matrix. Sequences were determined using a
MASCOT Server (Matrix Science Ltd.) for database search
from a custom-made file containing all theoretically possible
peptide sequences (823 543 different sequences). Sequencing
results are summarized in Table S1 and Table S2 (cf. SI).
Peptide-PEG conjugates (PICe6, PIICe6, PIPba, PIIPba, and

PIImTHPC) were obtained by automated solid-phase peptide
synthesis on an ABI 433a peptide synthesizer (Applied
Biosystems) using Tentagel-PAP resins as solid support
preloaded with PEG (approximately 3.2 kg/mol) via HBTU/
NMP/piperidine protocol. Alanine scan conjugate synthesis
was performed by using a MultiPep RS parallel synthesizer
(Intavis Bioanalytical Instruments AG), where coupling was
performed by preactiviation of amino acid derivatives with
HCTU, Oxyma Pure, and NMM in DMF and Fmoc
deprotection with 20% piperidine in DMF. Conjugates were
cleaved from the solid support by treatment with a mixture of
97% TFA, 2% TES, and 1% H2O, precipitated in cold diethyl
ether and dialyzed against deionized water (100−500 or 500−
1000 Da MWCO, cellulose ester). Peptide conjugates were
characterized by MALDI-ToF-MS, 1H nuclear magnetic
resonance spectra (1H NMR) in TFA-d1, and Fourier
transform infrared spectroscopy (ATR-FT-IR, cf. SI).
For solubilization of sensitizers by peptide-PEO conjugates

m-THPC was dissolved in EtOH (1 mg/mL), Chlorin E6, and
Pheophorbide A in DMSO. One milliliter aliquots of the drug
solutions (1.47 μmol drug) were added to solutions of each
carrier containing 1.47 μmol conjugate in deionized water (1
mL, pH 7). The resulting mixtures were shaken for 1 h and
freeze-dried in vacuo. Residues were dissolved in deionized
water (1 mL, pH 7), followed by centrifugation to remove drug
which was not solubilized. Supernatants were diluted with
EtOH or DMSO (1:100 v/v), respectively, to avoid
aggregation, and concentration of solubilized drug was
determined by UV−vis spectroscopy.
The three-dimensional structures of the peptides PI−IICe6

and PI−IIPba were generated using the software CORINA,50

and docked onto the structure of Ce6 and Pba. Idealized 1:1

complexes of Ce6 or Pba and peptides PI−IICe6 and PI−IIPba
have been taken into account. The energy of the peptide−Ce6
(or Pba) complexes was minimized using the MAB force field
as implemented in the computer program MOLOC,49 while
keeping the coordinates of Ce6 and Pba fixed. During the
modeling, the PEG chain was taken into account as a single
unit.
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