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Abstract

Oligodepsipeptides (ODPs) with alternating amide and ester bonds prepared by ring-opening polymerization of morpholine-2,5-dione deriv-
atives are promising matrices for drug delivery systems and building blocks for multifunctional biomaterials. Here, we elucidate the behavior of
three telechelic ODPs and one multiblock copolymer containing ODP blocks at the air—water interface. Surprisingly, whereas the oligomers and
multiblock copolymers crystallize in bulk, no crystallization is observed at the air—water interface. Furthermore, polarization modulation infra-
red reflection absorption spectroscopy is used to elucidate hydrogen bonding and secondary structures in ODP monolayers. The results will

direct the development of the next ODP-based biomaterial generation with tailored properties for highly sophisticated applications.

Introduction

The application of biomaterials based on natural or synthetic
polymers in implants accompanied the tremendous develop-
ment in medicine within the last few decades. Modern clinical
applications like regenerative therapies or minimally invasive
surgical procedures require medical devices which are highly
multifunctional.’'! Implants should modulate the immune
response and degrade in a controlled manner or execute move-
ments on demand or release a drug with defined kinetics.*
For example, polyesters were designed for adjusting the degra-
dation rate whereas polyamides were considered with regard to
their high toughness and tensile strength, electrical insulation,
heat- or abrasion resistance.>**! Poly(ester amide)s contain
ester and amide bonds and serve as platform for the develop-
ment of highly sophisticated multifunctional biomaterials.”}
Poly- or even oligodepsipeptides (ODPs), which are prominent
examples for poly(esteramide)s, are gaining an increasing
impact as controlled drug delivery systems, as gene carriers
and as scaffolds for tissue regeneration.®'") From natural
sources like marine invertebrates and cyanobacteria mainly
cyclic ODPs are isolated which exhibit antimicrobial or protease
inhibition activities, or cytotoxicity against cancer cells.['' ™4
While initially, poly(depsipeptide)s were synthesized via
polycondensation of activated depsipeptides,!'”! the state of
the art synthetic route is ring opening polymerization of 2,5-
morpholine derivatives.!'®! By variation of the side-chains,
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different functionalities are introduced, enabling to tailor the
properties of the macromolecules, which can be used as tele-
chelics in building blocks for biomedical applications.'!7!8]

The ODP chains are able to form inter- and intramolecular
H-bonds between the ester and amide linkages. Due to these
strong interactions, the ODPs exhibit relatively high thermal
transition temperatures. By introduction of a hexyl side-chain
in the o-hydroxy acid part of the molecules, the thermomechan-
ical properties of the ODPs can be influenced. The atactic bulky
side group impedes the crystallization, resulting in amorphous
polymers. H-bonding between chain segments in the amor-
phous polymer is also hindered by the hexyl side-chains, result-
ing in a glass transition close to human body temperature.'”’
Telechelic ODPs are used for the preparation of (multi)block
copolymers  with biodegradability,?***!  shape-memory
properties,* or particle forming capabilities required for
building drug carrier systems.l*>>”! Nanoparticles have been
prepared from di- and triblock copolymers using hydroxyl
mono- and difunctional oligo(3-(S)-sec-butylmorpholine-
2,5-dione) (OSBMD) and linear polyethylenimine. The large
hydrophobic side-chains were chosen to stabilize the secondary
structures, which were hypothesized to contribute to particle
stability.*®) Thermoplastic multiblock copolymers prepared
from oligo(3-(S)-iso-butylmorpholine-2,5-dione)-diol (OIBMD-
diol) and oligo(e-caprolactone)-diol (OCL) segments exhibit
reversible actuation.””) Moreover, materials based on multiblock
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copolymers of OCL and OIBMD (OCL-OIBMD) are consulted
for the enhanced proliferation of endothelial cells.*”) Electrospun
scaffolds are prepared using alternatively layer-by-layer electro-
spinning and electrospraying techniques of OCL-OIBMD and
silk fibroin, which encapsulate plasmid complexes.>")

For many poly(depsipeptide)s mentioned here, the direct
interaction of the material with a biological environment, e.g.,
cells,? is crucial for success in application. Nevertheless, it
is still challenging to control the complex interplay of the
bulk properties (stability; mechanical properties) and the vari-
ety of interactions of the material surface with the biological
environment, especially with proteins from the extracellular
matrix or with cell membranes. Therefore, a detailed knowl-
edge about the interfacial behavior of ODPs under different

environmental conditions is highly demanded. In our approach
to elucidate the interfacial behavior of ODPs, we use Langmuir
monolayers at the air—water interface as suitable models for
evaluating the material surface behavior in a physiological
environment.**! Here, we investigate the interfacial behavior
of three telechelic ODPs, namely: OMMD: oligo(3-methyl-
morpholine-2,5-dione)diol, OIBMD: oligo[3-(S)-iso-butyl-
morpholine-2,5-dione]diol, and OSBMD: oligo[3-(S)-sec-
butylmorpholine-2,5-dione]diol as well as a multiblock copol-
ymer containing nearly equal amounts of OCL and OIBMD
(OCL-OIBMD) (Scheme 1). These depsipeptides are chosen
because their complete hydrolysis produces glycolic acid and
amino acids. The methyl side-chain amino acid (alanine) as
well as glycolic acid are normal body metabolites™®*** whereas

OMMD: oligo(3-methyl-morpholine-2,5-dione)diol
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Scheme 1. Chemical structures of the investigated ODPs and the investigated multiblock copolymer. Here, (u, v) and (x, y) and (a, b) are the numbers of
depsipeptide repeat units in the three different oligomers. The sums (x+ ) and (a+ b) and (u + v) are determined by the number average molecular weights of
the corresponding ODPs via x + ¥ = (My—Moctanediol)/Migmp- Similarly, zand w are the numbers of e-caprolactone repeat units where the sum of zand w is
determined by the number average molecular weight of the oligo(e-caprolactone)diols. R can be a proton or methyl group. If Ris a proton, R’ is a methyl group
and vice versa. The numbers n;and my define the numbers of consecutive OIBMD or OCL blocks in each of the / OIBMD—OCGL sequences. The roughly equal

numbers of e-caprolactone and depsipeptide units demand that (x + y) x Z/ 1N~
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the butyl side-chained amino acids (leucine and iso-leucine) are
essential. We therefore expect excellent metabolization of these
depsipeptides when used for drug delivery or as implant mate-
rial. The side-chain length is varied to study the influence on
secondary structure, crystallization, and thermal transitions.
The behavior of OCL-OIBMD multiblock copolymers is stud-
ied because of their prospective application as shape-memory
material with switching temperature around 37 °C. In a first
step, the interfacial activities and stabilities of the different olig-
omers and the multiblock copolymer were compared. The inter-
facial activity is related to the amphilicity of the molecules,
which in turn determines their ability to interact with cell mem-
branes. Since the ODPs are highly regular molecules capable of
hydrogen bonding, it seems probable that these molecules can
self-assemble into supramolecular structures similar to poly-
peptides like poly(y-benzyl-glutamate).2®) Compared to bulk
systems, self-assembled structures can be much more easily
formed and observed in monolayers. Therefore, we applied
Brewster angle microscopy (BAM) and polarization modula-
tion infrared reflection absorption spectroscopy (PM-IRRAS)
to monitor the arrangement of the polymer chains at the air—
water interface. PM-IRRAS provided information about the ori-
entation and the conformation at the molecular level allowing a
statement about the secondary structure, which is especially
interesting for depsipeptides that are expected to assume sec-
ondary structures differing from peptides. To further investigate
the organization of ODPs, monolayers were transferred to solid
substrates and studied via atomic force microscopy (AFM).
Since OCL-OIBMD is a prospective resorbable biomaterial,
the effect of multiblock copolymer formation on the degrada-
tion behavior of OCL and OIBMD was also evaluated.

Materials and methods
Oligo[3-(S)-sec-butylmorpholine-2,5-dione]diol (OSBMD),
oligo[3-(S)-iso-butylmorpholine-2,5-dione]diol (OIBMD),
and oligo(3-methyl-morpholine-2,5-dione)diol (OMMD) were
synthesized via ring opening polymerization according to
Refs. 10 and 24. The block copolymers with a molecular
weight of M,, = 43,000 g/mol were synthesized by joining equi-
molar amounts of oligo(e-caprolactone)diols and OIBMD
blocks with trimethyl-1,6-diisocyanatohexane according the
procedure in Ref. 24. Structural characterization by NMR
(see Fig. S1 in Supplementary Material) confirmed that the
block copolymer contained nearly equimolar amounts of
OIBMD and oligo(e-caprolactone) monomers.
Number-average molecular weights (M,;) and weight-
average molecular weights (M,,) were determined using three
different methods: "H-NMR, Gel Permeation Chromatography
(GPC), and OH-group titration. 'H-NMR measurements were
performed at 25 °C in DMSO-d¢ using a Bruker Avance II 500
spectrometer (500 MHz). The procedure and formulas used to
calculate the molecular weight of the ODPs are given in Ref. 24.
GPC was performed using 50 mmol ammonium acetate in
N,N-dimethylformamide at 35 °C as an eluent with a flow
rate of 0.25 mL/min. As internal standard 0.005 wt% 2,6-di-
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tert-butyl-4-methylphenol was used for all samples. The system
was equipped with 250 mm x 4.6 mm GRAM gel columns and
3% 10? nm porosity, 10-um particle size (Polymer Standard-
Service GmbH, Mainz, Germany, polystyrene standards
(PSS)), a degasser (ERC-3315, Riemerling, Germany), a gradi-
ent pump PU 980, and an automatic injector AS-851 (both
Jasco, Tokyo, Japan). Three detectors were used: a multi wave-
length detector MD-910 (270 nm), a refractive index detector
RI-930 (both Jasco), and the differential viscometer n-1001
(WGE, Dr. Bures, Dallgow, Germany), which were combined
by a split. All molecular weights were determined using a uni-
versal calibration with PSS.

The molecular weight of the diols was also determined via
OH-titration of the macromolecules dissolved in N,N-dimethyl-
formamide (DMF) (Merck, Darmstadt, Germany) with 0.1 N-
tetrabutylammonium hydroxide (Merck, Darmstadt, Germany).
The titrations were performed with the titrator DMS Titrino 716
(Metrohm, Zofingen, Switzerland) and a solvotrode with LiCl
(sat.) in ethanol. The determination of the hydroxyl groups is
based on the esterification of the OH-groups with acetic
anhydride (abundantly, Sigma-Aldrich, St. Louis, MO, USA)
in the presence of N-methylimidazole (Sigma-Aldrich, St.
Louis, MO, USA) as a catalyst at ambient temperature and
by back titration.

Langmuir film balance

The surface pressure—area (7—A) isotherms were recorded at
22.0+1.0°C with a Langmuir high-compression trough
(KSV NIMA, Finland) placed on an active vibration isolation
system (halcyonics variobasic 40, Accurion, Gottingen,
Germany) within a laser safety cabinet or a Langmuir—
Blodgett trough type NIMA-622, respectively. The surface
pressure (7) was measured with a calibrated sensor located
equidistant from each barrier via the Wilhelmy technique. For
Langmuir monolayer experiments the used water was purified
by a Milli-Q Gradient A-10 water purification system
(18.2 MQ/cm, toc<4 ppb, Millipore, Merck, Darmstadt,
Germany). For the formation of monolayers, the sample solu-
tion was spread drop-wise onto the clean water surface using
a 250 uL microsyringe (825 RN SYR, Hamilton Co., Reno,
NV, USA). Chloroform was used as spreading solvent
(HPLC grade, Carl Roth, Karlsruhe, Germany) for OIBMD
and OSBMD. For OMMD monolayers, a 98:2 chloroform
dimethylformamide mixture was wused for spreading.
Alternatively, OMMD was solubilized in water by addition of
approximately 10% DMF and injected into the subphase of
the Langmuir trough. The concentration of the spreading solu-
tions varied from 0.2 to 0.34 mg/mL for the different polymers.
The Langmuir layer was compressed and expanded by two bar-
riers at a constant compression rate of 10 mm/min unless other-
wise indicated. The surface pressure was recorded as a function
of the mean molecular area per repeating unit (MMA). For
OCL-OIBMD the repeating monomer unit (RPU) for determin-
ing MMA was calculated as sum of the molecular weights of
e-caprolactone,  3-(S)-iso-butyl-morpholine-2,5-dione, and
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2,2,(4),4-trimethyl-hexamethylene-diisocyanate each multi-
plied with the respective percentage. For OIBMD and
OSBMD the molecular weight of the repeating monomer unit
of 171.2 g/mol and for OMMD the molecular weight of the
repeating monomer unit of 129 g/mol was used to calculate
the MMA. The experiments were performed at least three
times. The surface potential (SP) was measured using a non-
contact vibrating plate capacitor method. A computer-
controlled device (KSV NIMA Surface Potential Sensor,
SPOT, KSV Ltd, Finland) with a 16 mm diameter active elec-
trode was placed at less than 3 mm above the air—water inter-
face and a stainless steel reference electrode was immersed
into the subphase.

The visualization of Langmuir monolayers was performed
with the nanofilm_ep3 ellipsometer or a nanofilm_ultrabam
(both Accurion GmbH, Goettingen, Germany) equipped with
a 50 mW laser emitting p-polarized light at a wavelength of
658 nm, a 10x magnification objective, and a CCD camera.
BAM images have an area of 500 x 400 um?* and a spatial res-
olution of 2 pm. BAM experiments were performed during
compression and expansion isotherm experiments of the films.

PM-IRRAS spectra were recorded with a dedicated spec-
trometer from KSV-NIMA. The photoelastic modulator
(Hinds Instruments) was operated in a way that the retardation
between p- and s-polarization was A/2 at 2700 cm ™~ '. The angle
of incidence was fixed at 74°. Each spectrum was generated by
averaging over 2500 measurements lasting 200 ms each.

The copolymer was degraded in the semidilute regime with
Tgegr =5 mMN/m on a phosphate buffered saline (PBS) sub-
phase. After mge, Was reached, a solution of Pseudomonas
cepacia lipase was injected so that the final concentration of
lipase in the subphase was 0.01 mg/mL. The surface pressure
was kept constant by compressing the film to compensate for
the dissolution of small chain fragments. OIBMD was
degraded similarly at 74eo, =7 mN/m but on a Milli-Q water
subphase without enzymes.

AFM

OIBMD monolayers were transferred to silicon wafer substrates
via Langmuir-Blodgett transfer at different surface pressures.
The silicon substrates were hydrophilized by cleaning with an
air-plasma for 10 min. AFM measurements were carried out
in tapping mode with a JPK nanowizard 4. OLYMPUS
OMCL-AC cantilevers were used (nominal spring constant
26 N/m). Spectra were flattened and smoothed with WSxM.*”)

Descriptive statistics and error consideration

The data presented in this study are both qualitative (AFM,
PM-IRRAS, BAM, degradation curves, SP) and quantitative
results. The main error of M, (GPC) arises from the calibration
with standards. The deviation between a single standard’s [7]
M, and the calibration curve can be up to 10% which represents
the maximum error of the measurement in universal calibration.
OH-group titrations were carried out three times and blank val-
ues were determined two times. The main source of error was
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the unknown amount of water in the hygroscopic solvent
DMF and the sample weighing error. The former introduced
a variation in the blank and the latter a variation in the sample
values. The error of M, (OH-group) was calculated as the
weighted sum of both variations. Only one NMR measurement
was carried out for each sample. The error for M,, (NMR) was
calculated via error propagation from the reliability of the
"H-NMR peak intensity. We adopted the reliability from a
study of the peak intensity reliability in PMMA and solane-
sol®® which was found to be +3% for signals from protons
that are abundant in the molecule (repeat units) and +10% for
protons that are scarce (end-groups).

The monolayer compression isotherms were repeated sev-
eral times. Difference in collapse surface pressures was about
3%, difference in MMA was about 5%. Degradation experi-
ments were conducted twice (OIBMD) or three times (OCL-
OIBMD). Trends were similar but local fluctuations could be
quite large. For OCL-OIBMD, the two curves with the highest
agreement are shown. PM-IRRAS spectra were recorded twice
and agreed qualitatively, but low signal to noise ratio and prob-
lematic background subtraction could cause shifts in apparent
peak positions of approximately 10 cm™'. The spectrum with
the higher signal to noise ratio is shown.

Results and discussion

The molecular weights of the ODPs and the multiblock
copolymer are listed in Table I. Analysis of the '"H-NMR
spectrum (Supplementary Material S1) suggests that the multi-
block copolymer contained roughly the same number of
e-caprolactone and depsipeptide repeat units (53:47).

The 7—A isotherms of OIBMD and OSBMD were recorded
on a pure water subphase (pH 5.7) [Fig. 1(a)]. Changing the
barrier speed from 10 to 40 cm?/min and the use of a PBS sub-
phase (pH 7.4) had no significant influence on the shape and
position of the isotherms (results not shown). The side-groups
had a strong effect on the hydrophilicity of the depsipeptides.
Although OMMD has comparable molecular weight to the
other ODPs, it was almost impossible to dissolve OMMD in
chloroform. Furthermore, a slight water-solubility was
observed. Nevertheless, a mixture of chloroform and DMF
(9.8/0.2 mL) allowed for spreading of the polymer at the air—
water interface. An alternative pathway to the formation of
OMMD monolayers is the preparation of a Gibbs adsorption
layer by injection of an OMMD solution in water/DMF
(DMF content of approximately 10% was required to solubilize
OMMD in water) into the subphase. The final surface pressures
in dependence on the subphase concentration are given in
Fig. 1(c). A break in the logarithmic plot of surface pressure
versus concentration is commonly identified with the critical
micellar concentration (CMC). Following this argumentation,
the CMC is about 0.2 pg/mL. These results suggest that
OMMD could be applied as a biodegradable and potentially
bioactive macromolecular surfactant.

The shapes of the isotherms of OIBMD and OSBMD
[Fig. 1(a)] are typical for macromolecules in relatively bad
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Table 1. Molecular weight of ODPs and one multiblock copolymer determined by multidetector GPC, OH-group titration, and "H-NMR. The error considerations

are explained in the Materials and methods section.

Sample ID M, (GPC) (g/mol) Polydispersity (GPC) M, (OH-group) (g/mol) M, (NMR) (g/mol)
OMMD 7500 + 750 1.18 7310+ 200 5030+ 760
0IBMD 11,400+ 1140 1.11 3950+ 160 6200 + 850
0SBMD 9600 + 960 1.06 5800 + 80 7000 + 960
OCL-0IBMD 43,700 + 4370 2.8 - -

solvent conditions.®® A logarithmic plot of the isotherms
[Fig. 1(b)] reveals the 2D Flory exponent v the semidilute
regime according to @~ IY with y=2v/(Q2v—1) and

I'= . The 2D Flory exponents are nearly identical

1
MMAsn,
for OIBMD (v=0.58) and OSMD (v=0.6), which is closer
to the value expected for a theta solvent (v=0.5) than for a
good solvent (v=0.75).

The transition from semidilute to concentrated regime was
observed at lower surface pressure for OIBMD (7** =~ 12
mN/m) than for OSBMD (7*%* ~ 16 mN/m) with OIBMD
showing a much more extended concentrated regime
(Teoliapse — 7** = 21 mN/m) than OSBMD (7 oiapse — 7** =
8 mN/m). Thus, the butyl side-group has a pronounced impact
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on the stability of the ODP monolayers. Consecutive compres-
sion/expansion cycles of OIBMD indicated that the chains
behave differently in the concentrated state than in the semidi-
lute state. Here, the isotherms were completely reversible when
compression was halted in the semidilute state. When the films
were compressed to the concentrated state, consecutive iso-
therms shifted to lower areas, indicating irreversible structure
formation (Supplementary Material S2).

For OMMD layers, a very different behavior was observed.
Here, the slope of the isotherm in a logarithmic plot is close to
two, suggesting that v is close to one [Fig. 1(b)]. This behavior
is expected for the dilute state or a 2D gas of non-overlapping
chains, indicating that the molecules avoid the formation of a
semidilute state, e.g., by desorption. Since the air—water

T T T T T T L — T
11 12 13 14 15 16 17 18 19

(b) log(MMA)
$ %% —oBMD
€ — OSBMD
;;0.30 - Tosemp=15.5 mMN/m
s
[=
98
O 0.25 4
o
[
S Toemp=10.5 mN/m
& 020
=]
(/2]
0.15 , . .
0.02 0.03 0.04
(d) 1/MMA (A-?)

Figure 1. (a) Surface pressure versus area isotherms of the three ODPs. OMMD data is an overlay of three isotherms produced by spreading increasing volumes
of polymer solution. (b) Logarithmic representation of the isotherms used to determine the 2D Flory exponent, the overlap concentration and the transition from
semidilute to concentrated regime. (c) Logarithmic plot of surface pressure versus OMMD bulk concentration. (d) Plot of SP versus inverse of area per repeat

unit (MMA) for OIBMD and OSBMD.
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interface is such a good solvent for OMMD, the transition to the
concentrated state occurred at very low area per repeat unit
compared to OIBMD and OSBMD. Although the compression
isotherm of OMMD did not show a horizontal plateau, our
BAM observations (see below) indicate that OMMD under-
went a “dynamic collapse” in the concentrated regime. With
the length of a repeat unit being about 7.2 A, it seems unlikely
that a film can be compressed to an area of 10 A2 per repeat unit
and still be in the monolayer state. This hypothesis is supported
by the observation of an exponential decrease of the surface
pressure when the layer was first compressed to a surface pres-
sure above z** and then held at constant surface area
(Supplementary Material S3).

The SP of the OIBMD and OSBMD layers was analyzed to
obtain further information about the orientation of the chains in
the semidilute and concentrated state.

The surface pressure measures mainly the interaction
between molecules in close contact (van der Waals interac-
tions), whereas the SP measures the orientation of dipoles pro-
viding more long-ranged interactions. As expected, both
OIBMD and OSBMD monolayers showed an increase of the
SP as soon as the compression was started. According to the
Helmholtz equation, the SP of a non-charged monolayer is
AV ~ u, x I'/ey where T is the areal concentration and &
the vacuum permittivity. Thus, when plotting AV over the
inverse of the area per repeat unit [Fig. 1(d)], a linear relation
indicates that the dipole moment of the molecules perpendicu-
lar to the water surface (1.) does not change.

For both OIBMD and OSBMD, a nearly linear relation was
observed up to a surface pressure close to z**, indicating that
the chains were reorienting when entering the concentrated
regime. The initial slope was identical for both macromolecules,

>
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revealing identical orientation in the semidilute state. However,
OSBMD could be compressed to a higher packing density and
hence a higher SP before entering the concentrated regime. The
reorientation of OSBMD in the concentrated regime was more
pronounced than for OIBMD, leading to a reduction of the
net dipole moment perpendicular to the air—water interface. In
the collapsed state, the areal packing density cannot be further
increased. Thus, the dipole moment remained constant while
three-dimensional (3D) structures were formed.

To further intensify the analysis of the chain orientation,
PM-IRRAS spectra were recorded [Fig. 2(a)]. The two-bands
characteristic for the amide groups were observed at about
1630/cm (amide I) and 1530 to 1570 cm™' (amide II).
Furthermore, three bands characteristic of the ester groups
were observed at 1725c¢cm™' (C=O stretching), 1225 cm ™"
(asymmetric COC stretching) and 1100 cm™' (C—O stretch-
ing).1*! The selection rule of PM-IRRAS predicts that oscilla-
tors oriented preferentially parallel to the air—water interface
produce an upward signal while oscillators oriented preferen-
tially perpendicular to the air—water interface would produce
a dip. Oscillators with random orientation generate no signal
at all.*"! With our setup, we have yet to observe a credible
dip, so we will not make assumptions about perpendicular ori-
entations. No stretching bands of the methylene groups near
3000 cm ™' were observed at any surface pressure and the
C=0 stretching band of the ester group was much weaker
than the amide bands. This strongly suggests that the ester
groups were randomly oriented, meaning that these groups
were not participating in hydrogen bonding and that there
was no crystallization in the collapsed state. The asymmetric
COC oscillators were oriented along the chain axis while the
C—O oscillators were oriented in the carbonyl plane of the

o
Twisted i\z on%)// L 5\_‘>\/i )IO\

N
/
H

fCompression

Pleated
(b)

Figure 2. (a) PM-IRRAS spectra of OIBMD at different surface pressures. Normalized signal intensity is calculated by dividing the sample spectrum from the
bare water spectrum and subtracting 1. (b) Sketch of the organization of the OIBMD chains. In the dilute state, the PM-IRRAS spectra indicate a pleated
organization similar to a p-sheet while in the concentrated regime, an organization with twisted hydrogen bonding planes is suggested. The red arrows indicate

the orientation of the transition dipole moments in the amide plane.>?!

https://doi.org/10.1557/mrc.2019.21 Published online by Cambridge University Press

MRS COMMUNICATIONS - VOLUME 9 - ISSUE 1 - www.mrs.org/mrc B 175


https://doi.org/10.1557/mrc.2019.21

mrs fCommunications

W0

ester groups with a perpendicular and a parallel component
with respect to the chain axis.*”) Thus, the relatively high
intensities of the former two vibrations suggest that the chains
were oriented predominantly parallel to the air—water interface
at the ester group. The low intensity of the C=O stretching
band in the semidilute state suggests that plane of the carbonyl
bonds was rotating. In the concentrated and collapsed state (7=
20 mN/m to 7= 32 mN/m), an increase of the C=O0 stretching
band indicates that the rotation of the ester groups was reduced
as the carbonyl planes became more parallel to the air—water
interface. These observations are in agreement with the intensi-
ties of the amide vibrations. In the semidilute regime, amide II
was not observed while amide [ was relatively strong. This sug-
gests that the amide planes were tilted so that the chain adopted
a zigzag conformation. [Fig. 2(b)]. The low frequency of amide
I indicates strong hydrogen bonding.** Thus, the conforma-
tion was similar to a beta sheet, but with every second amide
group replaced by an ester group. Here, the chain is free to
rotate, because these groups are not held in place by strong
hydrogen bonds. It was also predicted by simulations that the
additional flexibility introduced by the ester groups leads to
novel secondary structures in depsipeptides compared to pep-
tides, and this somewhat disordered pleated sheet might be
one of them.[**) Interestingly, the main amide I band in electro-
spun samples of OCL-OIBMD block copolymers was at a
higher frequency which agreed more with an alpha helix or,
more probably, random coil conformation.*'! This might be
due to the fact that the molecules had little time to organize dur-
ing electrospinning.

In the concentrated regime, we observed a strong increase of
amide II compared to amide I. This indicates that the zigzag of
the amide planes was reduced, while the C=0 bonds became
more parallel to the surface normal. However, the constant fre-
quency of amide I shows that hydrogen bonding was not sub-
stantially weakened. These observations can be explained
when the chains were oriented parallel or antiparallel while
the hydrogen bonding planes were twisted around the long
axis [Fig. 2(b)].

Comparing these observations to the results from the SP
measurements suggests that the SP in the z-direction was gen-
erated by the zig-zag of the chains. The weakening of the zig-
zag conformation in the concentrated state therefore explains
the decrease of the dipole moment in the z-direction.

BAM was used to further analyze the film morphology. As
expected, the layers were homogeneous in the semi-dilute
state. In case of OIBMD (Fig. 3, middle) and OSBMD
(Fig. 3, top), structure formation was observed immediately
after entering the collapse regime indicated by a horizontal pla-
teau of the isotherm. As described above, for OMMD, no hori-
zontal plateau was observed, yet the film still collapsed
according BAM images (Fig. 3, bottom). For all depsipeptides
studied here, collapse occurred by formation of irregular and
thicker structures at high areal density. Upon relaxation, the
areal density of these 3D structures decreased while their size
increased, indicating a reorganization driven by minimization
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of the surface energy of the collapsed layer. To investigate the
structure formation of the layers at the nanometer scale,
OIBMD films were transferred to silicon substrates with the
Langmuir-Blodgett technique. The only distinguishable struc-
tural motifs were pebble-like structures (Fig. 4). The diameter
of these pebbles decreased from about 50 to 20 nm when the
film was compressed from the semidilute to the concentrated
regime. The roughness of all films was very low, on the order
of 2 A, which also reflects the height of the pebbles. Their lateral
dimensions agree reasonably well with the dimensions expected
for the OIBMD chains in a “flattened coil” or “pancake” confor-
mation, with d ~ 2Rr = 2a x ng‘G ~ 35 nm where we assumed
that the length of the monomers a is 7.2 A and n,, is the degree of
polymerization. Thus, in contrast to polypeptides like poly
(y-benzyl-glutamate), depsipeptides like OIBMD are not form-
ing supramolecular assemblies. The beta-sheet like organization
did not persist over long distance. The observation of no long-
range order in ultrathin films of OIBMD is also in agreement
with spin-coated films of OCL-OIBMD,**! where crystallization
was only observed after mobility was increased by thermal anneal-
ing of the films. Thus, the mobility of OIBMD in thin films at room
temperature is too low for the formation of ordered structures.

For medical applications where resorbable materials with
shape-memory capabilities are required, multiblock copoly-
mers of OCL and OIBMD are highly promising candidates.
Here, we evaluated the impact of joining both oligomers with
urethane linkers on the interfacial activity, molecular organiza-
tion, and molecular degradation kinetics.

At the air—water interface, the 2D Flory exponent of the
copolymer v=0.65 was higher than for pure OIBMD but
lower than for pure OCL (v=0.77)*! [Fig. 5(b)]. The kink
in the isotherm [Fig. 5(a)] was at nearly identical position
(=13 mN/m, MMA =21 A?) as the kink in the isotherm of
low molecular weight OCL (7= 12 mN/m, MMA =21 A?%) [**]

For pure OCL, the kink was followed by a depression of the
isotherm upon further compression, which was accompanied
by formation of spherulitic crystals visible in BAM. In contrast,
the OCL-OIBMD block copolymer showed no depression and
no spherulitic crystals were visible in BAM. These observa-
tions suggest that the crystallization of the OCL segments is
hindered severely by the presence of the OIBMD blocks. We
note that this was also observed in the bulk materials, where
OCL crystallization could only be observed after stretching,*®)
and especially in thin spin coated OCL-OIBMD films, where
OIBMD crystallization was only observed after annealing,
and PCL crystallization was severely hindered."** This was
attributed to the reduced mobility of OCL blocks anchored to
OIBMD chains, which are glassy at room temperature.
However, since the air—water interface is a reasonably good sol-
vent for OCL-OIBMD, dynamics should be much faster than in
thin films. Previous examinations of block copolymers at the
air—water interface strongly suggest that these polymers form
phase-separated Langmuir films. Since the microdomains are
very small, probably containing only few chains,*”! crystalliza-
tion inside these domains is either impossible or leads to
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Figure 3. BAM images of 0SBMD (top), OIBMD (middle), and OMMD (bottom).

nanocrystals that are not observable in BAM. The reversibility Isobaric, enzymatic degradation curves of OCL-OIBMD
of the isotherms was identical to the OIBMD homopolymer: and isobaric hydrolytic degradation curves of OIBMD are
when compressed to the concentrated state, consecutive iso- shown in Fig. 5(c). The enzymes can only degrade the OCL
therms shifted to lower area. blocks in the copolymer. There are currently no hydrolytic
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Figure 4. AFM-height images of OIBMD films transferred to silicon substrates at different surface pressures. The height scale is identical for all images.

bulk degradation experiments of OIBMD molecules in the lit-
erature, but according to degradation experiments with
OCL-OIBMD multiblock copolymers,*¥ it is expected that
the oligo-depsipeptides degrade via fast hydrolysis of the
ester bonds between amino acid and glycine. This hypothesis
was confirmed by our Langmuir monolayer degradation exper-
iments. The degradation rate of OCL-OIBMD was much lower
than the degradation rate of both pure OIBMD as well as the
degradation rate of pure OCL at similar concentrations of
enzymes.'**! It is therefore clear that the presence of OIBMD
blocks hinders the enzymatic degradation of OCL segments.

The retardation of the enzymatic degradation of OCL blocks
by enzymatically non-degradable blocks has been observed
before.*”) Concerning the mechanism, the degradation of
OCL-OIBMD showed the typical convex curve shape of a ran-
dom fragmentation mechanism. The initially low dissolution
rate is characteristic for block copolymers and high molecular
weight polymers. Small, water soluble fragments can be gener-
ated either by single chain cuts or several consecutive chain-
cuts. Naturally, fragment generation via several consecutive
chain-cuts takes longer than by single chain-cuts. Since only
single cuts near the chain ends lead to small fragments, the

25 —— OCL-OIBMD
— 20
£
£
Z 15
£
-
2 104
54
04 T T T T T T T T T T T T T
10 20 30 40 50 60 70 0.8 1.0 1.2 1.4 1.6 1.8

(@ MMA (A2) (b) log MMA

1.0

—— OCL-OIBMD
——OIBMD
0.9
E 0.8
0.7
lll 5‘0 1!’)0 15’0
(c) t (min)

Figure 5. (a) Surface pressure versus area plot of 0CL-OIBMD. (b) Logarithmic representation of the isotherms used to determine the 2D Flory exponent and the
transition from semidilute to concentrated regime. (c) Isobaric degradation curves of OCL-OIBMD (black) and OIBMD (red). Both macromolecules were
degraded at similar surface pressures in the semidilute state. Experiments were carried out twice for OIBMD and three times for OCL-OIBMD because variation
was higher for OCL-OIBMD than for OIBMD. The two curves with the greater agreement are shown for OCL-OIBMD.
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higher the molecular weight, the more delayed the degradation.
In the case of multiblock copolymers containing non-
degradable blocks and linkers, many chain-ends may be non-
degradable, which reduces the initial degradation rate even
further. For longer degradation times (150 min), the degrada-
tion rate of OCL-OIBMD became comparable to the degrada-
tion rate of OIBMD. A random fragmentation mechanism
was also supported by bulk degradation experiments of OCL-
OIBMD, ") where a fast decrease of the molecular weight at
low mass loss was observed. The fast decrease of the molecular
weight is caused by the rapid fragmentation of OIBMD seg-
ments, while the slow diffusion of fragments through the
bulk material limits mass loss to the surrounding medium. In
bulk OCL-OIBMD, the diffusion of OIBMD fragments is fur-
ther hampered by the slowly degrading OCL domains.

Conclusion

The behavior of morpholine-2,5-dione-based ODPs at the air—
water interface was investigated using the Langmuir technique.
The solvent quality of the air—water interface depended on the
length of the hydrophobic side-group. The butyl derivatives
were in rather bad solvent conditions while the slightly water-
soluble methyl variant was under good solvent conditions. The
collapse surface pressure of the sec-butyl variant was higher
than for the isobutyl variant, which allowed these molecules
to achieve slightly higher packing density. While the collapsed
films showed evolving structures at the micrometer level,
PM-IRRAS measurements showed that these aggregates were
non-crystalline. This is a marked difference to the situation in
bulk, where all of the investigated oligomers and the multiblock
copolymer were able to crystallize. On the other hand, the crys-
tallization of PCL, which is usually observed in Langmuir films,
was suppressed in OCL-OIBMD block copolymer monolayers.
The hindering of OCL crystallization in OCL-OIBMD block
copolymers in bulk is attributed to the slow dynamics of the
OIBMD microdomains, which are crystalline or glassy below
the melting temperature of PCL. In Langmuir films, we suspect
that the reason for the impeded crystallization is rather the small
number of chains in the microdomains than slow dynamics, but
this requires further characterization.

PM-IRRAS spectroscopy of OIBMD revealed a secondary
structure reminiscent of a beta sheet, with strong hydrogen
bonds between amide groups but little preferential orientation
at the ester bonds. To our knowledge, this represents the first
attempt to observe the organization of ODPs at the molecular
level. The hypothesis of a beta-sheet like organization is in
agreement with x-ray scattering of bulk OIBMD,”” where
the strongest reflection was at a d-spacing of about 10 A,
which agrees very well with the d-spacing in the fiber direction
of antiparallel beta sheet crystals.>' According to AFM images
of transferred films, the weaker intramolecular interactions
compared to peptides seem to hinder the formation of long-
range order or supramolecular structures. The lack of supramo-
lecular organization is unexpected because the amino acids ala-
nine (OMMD), leucine (OIBMD), and isoleucine (OSBMD)
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are known to stabilize helical conformations and helices have
a tendency to form fibrils. Polydepsipeptides that assume heli-
cal conformations could show liquid crystalline behavior,
which would be very interesting for a great number of applica-
tions. To further promote helix formation, side-chains could be
introduced to the a-hydroxy acids, or the amino acids could be
replaced by y-benzylglutamic acid.

The depsipeptides showed fast hydrolytic degradation both

alone and when used as building blocks for multiblock copol-
ymers, which is in qualitative agreement with the expectations
based on bulk degradation experiments. The more detailed
understanding of the impact of the unique molecular architec-
ture of ODP-based building blocks on their interfacial behavior
will enable the development of the next biomaterial generation
with tailored properties for highly sophisticated application in
gene delivery or tissue engineering.

Supplementary material
The supplementary material for this article can be found at
https:/doi.org/10.1557/mrc.2019.21.
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