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Supramolecular self-assemblies of hydrophilic macromolecules functionalized with hydro-
phobic, structure-directing components have long been used for drug delivery. In these
systems, loading of poorly soluble compounds is typically achieved through physical
encapsulation during or after formation of the supramolecular assembly, resulting in low
encapsulation efficiencies and limited control over release kinetics, which are predomi-
nately governed by diffusion and carrier degradation. To overcome these limitations,
amphiphilic prodrugs that leverage a hydrophobic drug as both the therapeutic and
structure-directing component can be used to create supramolecular materials with higher
loading and controlled-release kinetics using biodegradable or enzymatically cleavable
linkers. Here, we report the design, synthesis, and characterization of a library of supra-
molecular polymer prodrugs based on poly(ethylene glycol) (PEG) and the proregenera-
tive drug 1,4-dihydrophenonthrolin-4-one-3-carboxylic acid (DPCA). Structure—property
relationships were elucidated through experimental characterization of prodrug behavior
in both the wet and dry states using scattering techniques and electron microscopy and
corroborated by coarse-grained modeling. Molecular architecture and the hydrophobic-
to-hydrophilic ratio of PEG-DPCA conjugates strongly influenced their physical state in
water, ranging from fully soluble to supramolecular spherical assemblies and nanofibers.
Molecular design and supramolecular structure, in turn, were shown to dramatically alter
hydrolytic and enzymatic release and cellular transport of DPCA. In addition to poten-
tially expanding therapeutic options for DPCA through control of supramolecular assem-
blies, the design principles elaborated here may inform the development of other
supramolecular prodrugs based on hydrophobic small-molecule compounds.

supramolecular | self-assembly | drug delivery

Hydrophobic small-molecule drugs continue to dominate the pharmaceutical indus-
try, accounting for an estimated 60% of all compounds currently in research and
development (1). In their bioactive form, however, these hydrophobic compounds
often exhibit poor bioavailability due to their low aqueous solubility (1, 2). To over-
come this challenge, macromolecular prodrugs have been developed by covalently
coupling the bioactive compound to a synthetic polymer, peptide, or polysaccharide
in an effort to optimize pharmacokinetic profiles (3). Through careful molecular
design, prodrugs based on hydrophobic drugs and hydrophilic polymers can be cre-
ated to self-assemble into supramolecular aggregates due to their amphiphilic nature
(3, 4). As drug delivery vehicles, these supramolecular structures offer several advan-
tages over conventional soluble prodrugs, including decreased renal clearance and
extended drug release kinetics (5, 6). While many of these attributes may also be
achieved through physical encapsulation of drug within nanocarriers, such as poly-
meric micelles (6), single-chain nanoparticles (7), and surfactant micelles (8), signifi-
cantly higher drug loading of poorly soluble compounds is often achieved with
prodrug aggregates, and the risk of carrier toxicity is eliminated. Recently, we
reported on a self-assembling prodrug system using the proregenerative drug 1,4-
dihydrophenonthrolin-4-one-3-carboxylic acid (DPCA). Our polymer prodrug
design consisted of hydrophobic DPCA conjugated to a hydrophilic, linear poly(eth-
ylene glycol) (PEG) chain via a hydrolyzable ester bond, thereby using DPCA as
both the therapeutic payload and structural element. In aqueous solutions above a
critical concentration, the PEG-DPCA conjugates assembled into well-defined nano-
fibers consisting of a drug-rich core and polymeric corona, with tenfold higher load-
ing than previous hydrogel systems (9, 10). Such nonspherical assemblies of prodrug
structures have been rarely reported, and clear structure—property principles that
would guide their design have yet to be established (3, 4, 11-13).

The full benefits of prodrug delivery systems at large can only be realized through
improved understanding of fundamental structure—property behaviors, such as the
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influence of molecular design on supramolecular aggregate mor-
phology, drug release kinetics, and bioactivity. Insight into such
structure—property relationships will in turn directly inform pro-
drug route of administration, dosing, and ultimate clinical udility.
Our drug of interest, DPCA, targets ubiquitously expressed cellu-
lar oxygen sensing pathways to induce regeneration of damaged
tissues (9, 14). Because the classical wound healing cascade is con-
served across organ systems, we hypothesize that treatment with
DPCA is likely applicable to a broad array of injuries and degen-
erative diseases. Therefore, there is considerable motivation to
overcome challenges in DPCA delivery and optimize prodrug
behavior for multitissue targeting. To fully exploit the therapeutic
utility of DPCA and begin to predict the bioactivity and degrada-
tion behavior of a model macromolecular prodrug, this study
evaluates the fundamental structure—property relationship between
molecular architecture, self-assembly, and drug carrier perfor-
mance. We present a detailed investigation into the assembly and
stability of three PEG-DPCA conjugates of varying hydrophobic
(DPCA) to hydrophilic (PEG) stoichiometries. Using a variety of
wet- and dry-state imaging and scattering techniques as well as
coarse-grained modeling, we studied PEG-DPCA prodrugs con-
taining one, two, or three drug molecules per polymer chain
(abbreviated P7D1, P7D2, and P7D3). We observed a transition
from soluble spherical prodrug aggregates to worm-like micelles
with increasing drug content. Furthermore, we explored the rela-
tionship between prodrug structure and mechanism of drug
release, including partial hydrolysis of multidrug conjugates and
susceptibility to enzymatic cleavage. We then found that prodrug
molecular architecture influenced cellular internalization, possible
drug binding, and in vitro bioactivity. The results of this study
highlight the importance of molecular architecture in the perfor-
mance of PEGylated drugs, suggesting avenues for precise control
over drug dosing without sacrificing the stability of assembled,
supramolecular objects. Our findings establish clear design princi-
ples for the development of future prodrug systems based on
DPCA and related hydrophobic drugs.

A
o o
|
I

o)
/O\/{O/\}HO\.)LH’\/O"
P7D1 N

P7D2
0 b
N
Oy s -NH
o 0 o 0]
’O‘/fo’\}f)‘)“%o |
P7D3 HoN

Fig. 1.

O,

Q;QDJM
(0]

Results and Discussion

Prodrug Design, Synthesis, and Purification. Fig. 1 outlines the
molecular design and characterization of the three prodrugs
analyzed in this study. Each prodrug consists of a linear mono-
functional PEG chain (number average molecular weight (M,,)
750 g/mol) functionalized with a mono-, di-, or trihydroxy end
group via an amide linker, allowing for conjugation of one, two,
or three molecules of DPCA. The rationale for our prodrug
design stems from the hypothesis that intermolecular hydrogen
bonding, van der Waals interactions, and m—x stacking interac-
tions among DPCA motifs directs the formation of supramolecu-
lar structures with a drug-rich core and a hydrophilic PEG
corona that affords colloidal stability and prevents protein adsorp-
tion. With respect to drug delivery, the ester bonds of
PEG-DPCA allow drug release via hydrolysis when exposed to
aqueous environments in vivo.

Detailed synthetic procedures for PEG-DPCA prodrug synthe-
sis can be found in the SI Appendix, Supplementary Information
Text. Briefly, (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl (TEMPO)-
mediated oxidation of methoxy PEG was followed by 3-[Bis(di-
methylamino) methyliumyl]-3H-benzotriazol-1-oxide hexafluoro-
phosphate (HBTU)-mediated coupling of 2-aminoethanol,
2-amino-1,3-propanediol, or 2-amino-2-(hydroxymethyl)-1,3-
propanediol to yield mono-, di-, or trihydroxy functional PEG
(PEG-[OH],, PEG-[OH],, of PEG-[OH];). DPCA was then
conjugated to the terminal hydroxyls of the PEG chains via 1,1
carbonyldiimidazole—activated esterification to generate the pro-
drugs P7D1, P7D2, and P7D3 ("H-NMR in S Appendix, Fig,
S4). Before characterization, crude reaction products containing
partially coupled prodrugs or free, uncoupled DPCA were purified
via semipreparative high-performance liquid chromatography
(HPLC) fractionation or silica gel column chromatography. Final
products were characterized via analytical HPLC and mass spec-
trometry (MS), showing a final prodrug purity of >95 mol%
P7DX (X represents 1, 2, or 3) content.

B 22050

P71 125 miz

PD2 1463 miz

3
s
(0] >
fo) 2
/ £
HN
21200
N PD3 1628 m/z.
w_/
0
1000 1500 2000 2500
C P7D1 miz

P7D2 \

P7D3 \

0 5 10 15 20 25 30
Elution Time (minutes)

(A) Molecular structures of PEG-based prodrugs P7D1, P7D2, and P7D3. In each case, DPCA (blue) is conjugated to a 750 g/mol linear PEG (black) via

a hydrolysable ester linkage. (B and C) Successful drug coupling is verified by increasing molecular weight, as seen by MALDI-TOF-MS (B) and elution time in
analytical HPLC (C). After purification, free DPCA and PEG as well as partially coupled prodrugs are removed; a.u. arbitrary units.
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Table 1. CMC values for polymer prodrugs with one,
two, or three DPCA molecules per PEG

Prodrug Average CMC Average CMC
structure (P7DX mg/mL) (P7DX mM)
P7D1 2+05 1.85
P7D2 1+02 0.73
P7D3 32+07 2.1

Self-Assembly of PEG-DPCA Prodrugs. Self-assembly of PEG-DPCA
prodrugs was achieved by direct dissolution of lyophilized pow-
ders into pure water or phosphate-buffered saline (PBS) at 50 °C
for 30 min. A sol-gel transition from a gel to liquid-state, was
previously reported to occur at 50 °C for P7D3, allowing for uni-
form mixing to occur, and at this temperature, visual dissolution
of all prodrugs is achieved (10). The solution was then cooled to
room temperature (25°C) for 1 h with slight agitation before
characterization. Rheological characterization of assembled sam-
ples showed that at high concentrations, P7D3 suspensions dis-
played a high-viscosity, shear-thinning behavior characteristic of
entangled nanofiber solutions, as previously reported (10, 15).
However, this behavior was not observed in P7D1 and P7D2
samples, which instead exhibited shear responses comparable to
water, even at 100 mg/mL (SI Appendix, Fig. S7).

To determine if PEG-DPCA prodrugs formed stable, supra-
molecular aggregates beyond a critical micelle concentration
(CMC)/critical fiber concentration, a Nile Red probe assay was
used (16, 17). While the fluorescence of Nile Red is quenched
in water, it emits strongly in hydrophobic environments when
excited at 490 nm. Thus, partition of the dye into the hydro-
phobic, DPCA-rich core during self-assembly of prodrug struc-
tures is likely to be captured by a nonlinear increase in Nile
Red fluorescence with prodrug concentration. This effect was
observed for all PEG-DPCA conjugates, suggesting aggregation
above a critical concentration in the range of 1 mM. This value
is in good agreement with PEG-phenanthroline compounds
reported by Nagy et al. (18, 19). Interestingly, the CMC values
for PEG-DPCA assemblies do not seem to be directly related
to DPCA content (Table 1 and SI Appendix, Fig. S8). This is
surprising, as the hydrophobic nature of DPCA is presumed to
be the main driving force for self-assembly. We speculate that
this result does not arise due to limitations in our experimental
technique, as we were able to capture accurate CMC values for
the common surfactant Triton-X at lower concentrations (S7
Appendix, Fig. §9). We also wondered if the effect could be due
to quenching of Nile Red by DPCA; however, no changes in
Nile Red fluorescence in the presence of soluble DPCA were
observed (81 Appendix, Fig. §9). We also repeated the experi-
ment using pyrene as an alternative probe. Changes in pyrene
peak emission at 372 nm and 384 nm were monitored as
a function of prodrug concentration at 334-nm excitation.
When transitioning from a polar to nonpolar environment, the
ratio between peak emission intesities (/37,/f54) is expected to
decrease (20). We observed a dramatic decrease in 7,/ B4
peak ratios for all prodrugs at concentrations close to their esti-
mated CMC, suggesting diffusion of pyrene into hydrophobic,
DPCA-rich cores (SI Appendix, Fig. S10). While it is possible
that closely associating DPCA-rich cores may exclude our fluo-
rescent probes, we have verified through superresolution stochas-
tic imaging (structured illumination microscopy [SIM]) that dye
encapsulation is possible within assembled PEG-DPCAs (Fig.
2D). Finally, in the case of P7D3, which was predicted to have
the lowest CMC of the prodrugs studied, we observed a loss of
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shear-thinning properties indicative of nanofiber entanglement
below the reported CMC (SI Appendix, Fig. S11). Therefore, we
attribute the observed trend showing the lowest CMC value for
P7D2, followed by P7D1 and P7D3, to prodrug geometry, thus
highlighting an important structure—property relationship. Possi-
bly, the stereochemical limitations for rotation within the spacer
molecules for one, two, and three DPCA units can act as a limit-
ing factor for self-assembly. Thus, assemblies of different shapes
may occur at the same concentration. It is possible that for both
P7D2 and P7D3 prodrugs, the presence of intramolecular inter-
actions between DPCA molecules on the PEG chain increase
prodrug solubility and CMC, despite their large, hydrophobic
volume fraction, compared to P7D1. This phenomenon would
also explain the higher CMC for P7D3 than for P7D2. Indirect
evidence of such intramolecular DPCA-DPCA interactions on
PEG chains may be gleaned from differences in ultraviolet—
visible spectroscopy (UV-Vis) absorption spectra between PEG—
DPCAs and free drug. At concentrations below estimated CMC
(0.1 mg/mL for all samples), the absorption spectrum for P7D1
closely resembled the shape of saturated aqueous solutions of
DPCA (81 Appendix, Fig. S12). Following conjugation of two or
three molecules of DPCA to PEG, a red shift in DPCA peak
absorption at 316 nm, 333 nm, and 348 nm was found to occur
with increasing conjugation rate. Such shifts may be indicative of
n-7 stacking between intramolecular DPCA because such inter-
actions have been shown to shift the absorbance spectra of other
compounds, such as benzene and various chromophores, to lon-
ger wavelengths (21, 22). Notably, changes in the concentration
of free DPCA in saturated aqueous solutions did not result in
peak shifts.

After indirectly verifying self-assembly using the Nile Red
probe assay, the morphology of PEG-DPCA supramolecular
structures was visualized through both dry- and wet-state
imaging of aqueous suspensions above CMC. In Fig. 2 A4
and B, micrographs obtained from cryo-electron microscopy

Fig. 2. (A-D) Cryo-EM micrographs of PEG-DPCA prodrugs prepared at
25 g/L (A-C) and high-resolution SIM imaging of P7D3 at 3 mg/mL (D). For
P7D1 (A) and P7D2 (B) samples, spherical assemblies dominate, with the
emergence of some worm-like micelles in P7D2. For P7D3 (C), single fibers
and bundles are observed, measuring microns in length (D). All self-
assembled structures presumably consist of a DPCA-rich core and PEG
corona. (Scale bar, 200 nm in A-Cor 4 um in D.)
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(cryo-EM) showed predominately spherical, micelle-like struc-
tures for P7D1 and P7D2 with average diameters of 10 nm
(median = 8 nm) and 11 nm (median = 9 nm), respectively
(81 Appendix, Fig. S13). Deviations between P7D1 and P7D2
dimensions were deemed to be insignificant due to the limita-
tions in image processing. A small population of worm-like
micelles with average width of 5 nm was also observed in
P7D2. When we examined the rheological behavior of P7D2
solutions, however, we did not observe increases in viscosity or
shear-rate dependences indicative of fiber entanglement (87
Appendix, Fig. S7. Therefore, we believe that spherical assem-
blies are the dominate phase. For P7D1, dynamic light scatter-
ing (DLS) at 3g/L suggested the presence of assemblies with
number average diameters of 2.2 nm and Z average of 40 nm
(81 Appendix, Fig. S14). These values differed significantly from
free PEG solutions, which measured <1 nm in diameter (S/
Appendix, Fig. S14), and with DPCA unit volume of ~0.2 nm®
and 0.5 nm’, as determined by estimated bond length for
P7D1 and P7D2, respectively, the observed nanoaggregate
geometry and size are in good agreement with theoretical pre-
dictions (10). When the number of DPCA molecules per PEG
chain is increased to three, the sparse worm-like micelle phase
visualized in P7D2 begins to strongly dominate (Fig. 20).
Highly aligned fiber scattering was noted in the majority of
P7D3 samples due to the formation of near—two-dimensional
films during sample preparation, and from these domains, an
estimated fiber diameter of 8 nm was determined through
image analysis (8] Appendix, Fig. S13). SIM of P7D3 fibers
loaded with the lipophilic dye 3,3-diheptyloxacarbocyanine
iodide (DiOC7) highlighted the flexibility and length of such
fibers not captured by cryo-EM. Dry-state imaging of films cast
from aqueous suspensions of all prodrugs obtained via conven-
tional transmission electron microscopy (TEM) also showed
similar assembly morphologies (S Appendix, Fig. S15). To fur-
ther corroborate findings from dry- and wet-state imaging,
small angle x-ray scattering (SAXS) was also performed on
aqueous solutions at 25 g/L. The one-dimensional plot of the
samples shown in SI Appendix, Fig. S16, indicates a strong
structural dependence on the objects depending on the number
of DPCA units, all deviating from a PEG reference solution.
Despite the difficulty in fitting the curves to a specific geome-
try, explained also by the distribution of structures seen in EM
images and noted in Fig. 2, the cylindrical geometry expected
in P7D3 is supported by the rapid upturn at 0.04 A~ with a
slope ~—1. The flatter form factor of P7D2 supports dispersed
spheres, although the feature size appears to be smaller than
that of P7D3. No apparent form factor is demonstrated in
P7D1, possibly due to minimal scattering intensity at high 4.
The constant slope could indicate agglomeration of the
expected spherical micelles in the concentrated solution. Over-
all, these conclusions on wet-state assembly strongly corrobo-
rate cryo-EM imaging. For all prodrugs, dispersity in aggregate
morphology and size observed in both EM and scattering data
likely arise from the polydispersity of the PEG (Fig. 1B) rather
than differences in self-assembly behavior. The array of supra-
molecular objects identified here may have differential clinical
utility due to shape-dependent biodistribution patterns and
modes of possible delivery (23, 24).

Molecular Dynamics Simulations. We argue that, in accordance
with traditional amphiphile assembly pathways (25), PEG-DPCA
self-assembly is driven by two key forces: molecular geometry and
the contrasting solvent affinities of hydrophilic PEG and hydro-
phobic DPCA. To interrogate these driving forces, we conducted
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coarse-grained molecular dynamics simulations to capture the
salient intermolecular interactions and structural features of
P7D1, P7D2, and P7D3. Unlike commonly examined amphi-
philes, the PEG-DPCA polymer—drug conjugates feature a flexi-
ble hydrophilic component (PEG) and a bulky hydrophobic
component (one, two, or three DPCAs) (26-30). Using an
implicit solvent model, we account for these contrasting solvent
affinities with different interaction potentials. Each DPCA mole-
cule is represented as a single bead that is attracted to other
DPCA beads, while the PEG chain is modeled as linearly con-
nected volume-excluding beads. A rigid body constraint (31) was
used to enforce the relative arrangement of intramolecular DPCA
beads to match the lowest energy geometry identified through
the Molecular Mechanics 2 (MM2) force field, a commonly
applied force field for determining conformations of hydrocarbon
chains and small organic molecules (32). The resulting molecular
topologies are shown in Fig. 34 and are further described in the
SI Appendix, Supplementary Information Text. Simulations were
conducted at volume fractions 0.002 < ¢ < 0.008 and DPCA
attraction strengths of 5kpT < ey < 15k T (Materials and
Methods). This volume fraction range was selected to explore con-
centrations at which micelles and fibers have been observed exper-
imentally, while the explored €4 range was chosen based on the
range of DPCA-DPCA attraction strength found in DSC meas-
urements of the enthalpy of fusion of pure DPCA. Equilibrated
simulations (SI Appendix, Supplementary Information Texs) result
in a variety of self-assembled structures featuring a DPCA core
surrounded by a PEG corona (Fig. 3 D-F, Inset).

For a DPCA attraction strength of ey = 12.5k37T (the
approximate experimental value at room temperature as deter-
mined by differential scanning calorimety (DSC); SI Appendix,
Fig. S6 and Supplementary Information Text), increasing the
DPCA content of the amphiphile resulted in fewer clusters
forming per volume (Fig. 3B) but larger clusters (Fig. 3C) at all
but the lowest density examined. Moreover, the concentration
dependence of the cluster density and mean cluster size was qual-
itatively distinct for the P7D3 compared with the P7D1 and
P7D2 systems. The size of P7D3 clusters increased linearly with
concentration, while the cluster density exhibited a sublinear
increase. By contrast, P7D1 and P7D2 both exhibited a sublin-
ear increase in the mean cluster size but a nearly linear increase
in cluster density (Fig. 3C). The disparate scaling of cluster den-
sity and cluster size for P7D3 compared with P7D1 and P7D2
points to a morphological difference in the self-assembled aggre-
gates resulting from topological differences in the amphiphiles.

To further explore these morphological differences, we ana-
lyzed the shapes of the self-assembled aggregates by computing
the asphericity parameter & for each cluster (Materials and
Methods). For perfectly spherical clusters, the asphericity param-
eter is identically zero. Larger values of 4 indicate less spherical
morphologies, including fiber-like aggregates (33). The proba-
bility density of & reveals P7D1 clusters to be largely spherical,
with asphericities rarely exceeding a value of 4 = 1.0, even at
densities an order of magnitude higher than the experimentally
observed CMC (this corresponds to ¢p = 0.008 in our simula-
tions; ST Appendix, Table S1). P7D2 clusters were slightly less
spherical, while the asphericity distribution of P7D3 exhibited
a striking departure from those of P7D1 and P7D2 (87
Appendix, Fig. S17). At the same density (¢ = 0.008), P7D3
self-assembled into highly aspherical structures, as evidenced by
the probability density exhibiting a long tail with asphericities
b > 10.0 not atypical.

Our simulations confirm the presence of fiber-like structures
for P7D3 at densities and attraction strengths where P7D1 and
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Fig. 3. (A) Increasing the number of DPCA molecules leads to more fiber-like aggregates for coarse-grained representations of P7D1, P7D2, and P7D3
featuring a flexible polymer chain (blue) appended to one, two, or three DPCA molecules (red). (B and C) Dependence of cluster density (in units of ¢3;
Materials and Methods) on volume fraction is noted (B) as well as dependence of mean cluster size (number of molecules per cluster) on volume fraction (C).
(D-F) Asphericity distributions (b in units of o) at volume fractions ¢ of 0.002 (D), 0.005 (E), and 0.008 (F) highlight differences in assembly morphologies. Sim-
ulation snapshots depict spherical micelles formed by P7D1, elongated micelles formed by P7D2, and fibers formed by P7D3. All data are for an attraction

strength of ea = 12.5kpT.

P7D2 are largely limited to spherical aggregates. This finding
corroborates the experimental evidence that suggests that P7D3
forms a dominate fraction of nanofibers at the conditions
examined. The increased tendency for fiber formation with
increasing DPCA content cannot be explained with a simple
rescaling of the molecular energies (S/ Appendix, Fig. S18) and
must therefore be a consequence of the hydrophobic topology.
While classical amphiphile self-assembly can be well predicted
by calculating the critical packing parameter (CPP), in this
manuscript, we report on a “reversed amphiphile-like” structure
consisting of a flexible, hydrophilic tail (PEG) and bulky
hydrophobic head group (DPCA). We attempted to calculate
CPPs for PEG-DPCAs using the dimensions of the molecules
represented in coarse-grained modeling while considering
DPCA molecules as spheres, yielding overall spherical (P7D1),
ellipsoidal (P7D2), or triagonal (P7D3) volumes with an
ellipsoidal or spherical cross-section/length. We determined
that our values only agreed with CPP assembly predictions on
aggregate morphology when PEG chains were assumed to have
large surface area (>4 nm?), which may result from high
degrees of coiling. Even at this low molecular weight, however,
PEG is assumed to exist as a loose coil in water (34). Therefore,
we believe that our system may deviate from theories of self-
assembly commonly applied to surfactants and block copoly-
mers. To probe this point further, future work will examine the
precise role of the geometry of the hydrophobic group in the
phase behavior of these systems.

In Vitro Drug Release. Our motivation for understanding
structure—property relationships of PEG-DPCA is to exploit new
supramolecular structures to control the delivery of DPCA for ther-
apeutic purposes. DPCA is an inhibitor of 4-prolylhydroxylase
(PHD), which regulates the transcription factor hypoxia inducible
factor-lo (HIF-1at), which is a key component of the cellular
response to hypoxia. Hydroxylation of HIF-1a by PHD triggers its

PNAS 2022 Vol. 119 No.44 2208593119

degradation; therefore, the presence of DPCA or other PHD inhib-
itors offers a route to HIF-la stabilization. Recently, we showed
that in vivo delivery of DPCA led to high levels of HIF-1a and
regeneration of soft and hard dssues (9, 10, 35). To correlate the
structural findings above to drug release, we investigated the tme
dependence of DPCA release from P7D1, P7D2, and P7D3. As
seen in Fig. 4, the kinetics of release are directly related to prodrug
molecular design and supramolecular morphology. Although release
of DPCA is presumed to occur through hydrolysis of the
PEG-DPCA ester linkage for all prodrugs investigated, two separate
regimens were considered, below CMC and above CMC.

Prodrug hydrolysis below CMC. For soluble (unassembled) poly-
mer prodrugs, the effects of increasing the number of DPCA
units at the PEG chain end were observed by monitoring hydro-
lysis of prodrug solutions below CMC (Fig. 4A4). Compared to
P7D3, which shows little observable hydrolysis over 2 wk
(<2%), hydrolysis of P7D2 and P7D1 appears to result in sus-
tained release kinetics. At the conclusion of 2 wk, hydrolysis of
more than 20% of conjugates was observed for P7D1 and ~5%
for P7D2, but 5 wk was required for P7D3 to reach above 5%.
Significant differences in prodrug stability can likely be attributed
to attractive intramolecular interactions between DPCA mole-
cules, creating an increasingly hydrophobic environment as the
number of DPCA molecules per PEG is increased from one to
three. A similar relationship between drug conjugation rate and
release was noted by Chen et al. in the creation of peptide-based
prodrugs containing multiple molecules of doxorubicin (36). The
kinetics of hydrolysis below CMC appear to be somewhat
inversely related to DPCA content. HPLC and matrix-assisted
laser desorption/ionization-time of flight MS (MALDI-TOF-
MS) analysis of P7D3 incubated in water revealed the emergence
of partally hydrolyzed PEG-DPCA as well as free PEG (87
Appendix, Fig. S19), suggesting that DPCA release may occur
in a stepwise fashion through P7D2 and P7DI intermediates
before complete drug release is achieved. Thus, a degradation

https://doi.org/10.1073/pnas.2208593119 5 of 9


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2208593119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2208593119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2208593119/-/DCSupplemental

Downloaded from https://www.pnas.org by UNIVERSITY OF CALIFORNIA DIGITAL LIBRARY CDL ACQUISITIONS GEISEL LIBRARY on December 12, 2022 from |P address 169.229.110.248.

%71 Below cMC 27 Above CMC _ %7 Below CMC +Esterase =

£%1 = PmI . < 18] = P7D1 £ 35] = PDI
S4{ a4 pD2 # S 6] a pPD2 2 4 P7D2 .

- @
2404 e P7D3 S e P7D3 @ 3071 e P7D3
w© a 141 @
@ 354 [} ® 25
[ ° 124 o
® 30 . © { <
< < 104 S 201
S 21 * S a .
a 204 i & 84 % 2 1s5-
€ 154 £ 61 2 ]
[ o t 104
£ 10 A 4 B g 4 a g .

1] - ]
. 5] A . a 2{ 3 S 51 & ¢

o A
o2 s o . , ok_- —ae __® o : o-"“.' : s : v i
0 200 400 600 800 1000 0 200 400 600 00 1000 0 10 20 30 40 50
Time (hours) Time (hours) Time (hours)

Fig. 4.

(A and B) Drug release from PEG-DPCA prodrugs by hydrolysis in buffered saline was measured below (4) and above (B) CMC. (C) Release of DPCA

from P7D1, P7D2, and P7D3 in the presence of esterase enzyme was compared, revealing an acceleration of DPCA release in the presence of esterase and
an overall relationship between prodrug hydrophobicity and release kinetics.

mechanism forming analogous structures to P7D1/P7D2 from
P7D3 likely occurs, further highlighting the importance of these
fundamental structure-property analyses to be conducted for mul-
tidrug prodrugs.

Prodrug hydrolysis above CMC. Above CMC (in the self-assembled
state), DPCA release was significantly slower for P7D1, but simi-
lar kinetics were detected for P7D2 and P7D3 compared to below
CMC, where ~2% of drug was released over the first 4 d and less
than 7% after 2 wk (Fig. 4B). Such long-term kinetics have also
been observed for filamentous nanostructures formed from
peptide—paclitaxel prodrugs (37). The reported slower rate, for
especially P7D1, is likely due to decreased exposure of the DPCA
ester linkage to water within the hydrophobic core of assembled
structures. Compared to hydrolysis data, the release of DPCA
from assembled prodrugs appears to be less dependent on drug
content. Thus, by modulating the molecular design and self-
assembly of prodrugs, drug dosing and release can be controlled.
Prodrug enzymatic cleavage below CMC. Our previous in vivo
study using hydrogels based on P7D3 showed that up-regulation
of HIF-1a occurred as soon as 1 d after administration (10), sug-
gesting that the rate of drug release in vivo may be much more
rapid than in vitro observations conducted in buffered saline. To
better understand this discrepancy, we next sought to determine
if PEG-DPCA prodrugs are susceptible to enzymatic hydrolysis

by carboxyl esterase enzymes, commonly found in mammalian

Free DPCA control

No treatment (60) pg/mL

P7D1
300 (60) pg/mL

liver cells and blood plasma. As seen in Fig. 4C the presence of
porcine liver esterase (EC 3.1.1.1) significantly increased DPCA
release in P7D1, P7D2, and P7D3 solutions below CMC, with
the following release kinetics: P7D1 > P7D2 > P7D3. We note
that at 24 h, P7D1 shows significant drug hydrolysis (>30%),
while P7D2 and P7D3 only reach 5% hydrolysis in the presence
of esterase. We speculate that this effect could be attributed to
prodrug structure, with intramolecular associations of DPCA in
P7D2 and P7D3 altering substrate recognition and/or accessibil-
ity to the esterase active site.

Prodrug Bioactivity. Finally, the ability of prodrugs (P7DI,
P7D2, and P7D3) to stabilize HIF-1ot was evaluated in primary
human amnion endothelial cells (AECs). AECs make up a major
component of the fetal membrane and are a potential target for
novel regenerative therapies (38). AECs were exposed to medium
containing free DPCA, P7D1, P7D2, or P7D3 at a uniform
DPCA concentration of 60 pg/mL (below CMC for all pro-
drugs). We observed that after 4 h, AECs treated with condi-
tioned medium containing P7D3 displayed robust expression of
HIF-1a, limited expression following P7D1, and no obvious
stabilization in the case of P7D2 compared with free DPCA
(Fig. 5). Based on prodrug hydrolysis data (Fig. 44), we do not
expect to observe DPCA release in extracellular medium over this
timespan. Therefore, we speculated that the bioactivity of P7D3

P7D2
200 (60) ug/mL

P7D3
150 (60) pg/mL

Fig. 5. Transient stabilization of HIF-1a in AECs treated with growth medium containing free DPCA or PEG-DPCA prodrugs for 4 h. HIF-1« staining (green) is
shown overlaid with DAPI nuclear staining (blue) and intermediate filament protein CK-18 (red) to visualize cell boundaries.
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may be dependent on cellular internalization because drug release
was found to be accelerated when prodrugs were exposed to intra-
cellular esterase (Fig. 4C). Differences in prodrug amphiphilicity
and molecular architecture may also preclude passive uptake of
P7D1 and P7D2, leading to their inability to stabilize HIF-1a in
the present study. To investigate this possibility, we used the
inherent fluorescence of DPCA to determine prodrug uptake to
assess cellular internalization. Surprisingly, we observed an
increase in fluorescence intensity associated with DPCA in live
AEC:s treated with P7D3, but not P7D1 or P7D2 (SI Appendix,
Fig. §20). In P7D3-treated cells, DPCA signal was also highly
localized to the nucleus, where PHD isoforms PHD1 and PHD3
are known to reside (39). In contrast to the ubiquitously
expressed PHD2 isoform, PHD1 and PHD3 are known to
exhibit tissue-specific expression patterns, but the presence of
PHD3 has been reported in amniotic cells (40). Nuclear localiza-
tion of factor inhibiting HIF, an alternative regulator of HIF-1a
and possible target for DPCA, has also been observed (41, 42).
MALDI-TOF-MS of cellular lysates also suggested the presence
of intact P7D3 after 24-h incubation with prodrugs. After 48 h
of incubation, this signal as well as those from free PEG became
more pronounced, suggesting intracellular prodrug cleavage.
Lysates from cells incubated with P7D1 showed the weak pres-
ence of free PEG, but not P7D1, and no values matching the
molecular weight of PEG or prodrugs were found in cells treated
with P7D2 (SI Appendix, Fig. S21), further corroborating find-
ings on disparate internalization.

Thus, our data suggest a relationship between molecular
architecture and biological activity in the PEG-DPCA system.
It is well known that cellular uptake is highly dependent on
physiochemical properties such as molecular weight, lipophilic-
ity, and protein-binding capacity. Therefore, it is reasonable to
assume that alterations in prodrug molecular architecture could
lead to disparities in cellular internalization. DPCA is claimed
to act as a competitive inhibitor of the 2-oxoglutarate cofactor
that is needed for hydroxylation of HIF-1a by PHD enzymes
(43-45). However, DPCA is also capable of ligating to the
active iron site within PHD enzymes via the phenanthroline
and/or carboxylic acid moieties (19, 45). Computational molec-
ular docking of DPCA against HIF hydroxylases has predicted
that bidentate iron ligation via the carboxylic acid moiety is
preferred, and analogs of DPCA lacking one nitrogen or one
pyridine ring exhibit reduced activity (41). Speculating that
iron binding by DPCA could be influenced by supramolecular
aggregation, we measured the UV-Vis spectra of mixtures of
P7D1, P7D2, and P7D3 with iron (II) (FeCl, (aqueous) at a
1:3 molar ratio of Fe to DPCA). Spectral changes were sugges-
tive of iron binding (S/ Appendix, Fig. S22) for all prodrugs
and free DPCA at 510 nm and 560 nm, corresponding to
phenanthroline- (46, 47) or a ferrozine-type binding (48),
respectively. Notably, dramatic differences were noted for the
iron-binding spectra of P7D1 and P7D3. Thus, it is possible
that prodrug molecular architecture directly affects iron bind-
ing, and this may underlie the observed differences in bioactiv-
ity. Ultimately, the mechanism of PHD inhibition is known to
be complex (49). Therefore, further studies will be needed to
investigate the mechanism of action of PEG-DPCAs.

Conclusion

The utility of macromolecular prodrugs created by covalently
bonding bioactive compounds to polymers or peptides is well
known. Rationally designing these prodrugs to achieve desired
biodistribution profiles, release kinetics, and activity, however,
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remains a significant challenge. In this study, we elucidated the
structure—property relationship of PEG-based prodrugs created
to deliver the proregenerative drug DPCA. Our general design
involved covalently bonding DPCA, a poorly water-soluble
PHD inhibitor, to the terminal end of a linear PEG via hydro-
lysable ester bonds. By controlling drug conjugation per PEG
chain, we were able to precisely direct self-assembly behavior to
form supramolecular nanostructures visualized in the wet and
dry state, confirming a significant dependency on prodrug
molecular design and drug carrier performance. Differences in
the ability of PEG-DPCA prodrugs to stabilize HIF-la in
human cells suggest a complex relationship between molecular
architecture and PHD inhibition. Fundamentally, this study
highlights the importance of understanding the relationship
between molecular design and self-assembly when designing
supramolecular polymer prodrugs. Because HIF-1a is expressed
in all cell types, we speculate that the translational potential of
these prodrugs will be of interest for many applications in
regenerative medicine.

Materials and Methods

Details on synthesis and additional experimental protocols can be found in the
SI Appendix, Supplementary Information Text.

Preparation of Self-Assembled PEG-DPCA Structures. Lyophilized pow-
ders of PEG-DPCAs obtained from semipreparative fractionation were added
directly to ultrapure water or 10 mM PBS (pH 7). Solutions were then heated to
50 °C in a water bath for 30 min, with periodic vortexing. Fully soluble, homoge-
neous solutions were then removed from heat and cooled to 25 °C in a bench-
top shaker table for 1 h. Before dilution, all PEG-DPCA solutions were reheated
to 50 °C and cooled.

CMC Measurements.

Nile Red. Nile Red stock solution (0.5 L of 2.5 mM) prepared in ethanol was
added to a microcentrifuge tube, and tubes were shielded from light and left
open to allow ethanol to evaporate ovemight. Then, 500 pL of aqueous
PEG-DPCA suspensions at various concentrations or control solutions was added to
each tube. To promote interactions between dye and self-assembled structures,
mixtures were vortexed rigorously and placed on a bench-top shaker overnight
protected from light. One hundred and fifty microliters of each sample was then
transferred to a black 96-well plate, and emission spectra were collected from 520
to 700 nm at 490-nm excitation using a plate reader (Biosystems Synergy H1
microplate reader) and compared to background samples containing no dye. Spec-
tra were normalized to no-dye controls, and peak fluorescence intensity at 670 nm
was extracted and graphed versus log of prodrug concentration. The CMC was cal-
culated as the intersection of two lines of best it for the lower and upper regions
of data. SD was determined from at least two experimental replicates.

Pyrene. For all prodrugs, 0.625 plL of a 4 mM pyrene stock prepared in metha-
nol was added to 1 mL of aqueous solution of prodrug at the specified concen-
tration. Samples were then mixed by pipetting and transferred to quartz cuvettes
with 5-mm path length. Emission spectra from 350 nm to 450 nm was recorded
at 334 nm excitation on a Photon Technology International PTl QuantaMaster
fluorescence/luminescence spectrometer. Excitation and emission slit widths
were set to T nm. All data were collected from triplicate runs. The average ratio
between emission peak intensity at 372 nm and 384 nm was then determined
and plotted as a function of prodrug concentration.

Cryo-TEM. Cryo-TEM imaging was performed on a FEI TALOS F200C microscope
with 200 kV accelerating voltage. The images were recorded via an FEI Ceta 16M
camera. Lacey carbon grids (300 mesh, Ted Pella, Inc.) were plasma treated by a
plasma cleaner (PDC-32G, Harrica Plasma) before sample grid preparation. Vitri-
fied grids were prepared using the FEI Vitrobot Mark IV, an automated plunge-
freezing device. A droplet of 3 pL of sample solution at 25 g/L or 7 g/L was
deposited onto the plasma-treated lacey grid. The grid was then blotted with
blotting paper at 100% humidity and rapidly plunged into liquid ethane. Grids
were stored in liquid nitrogen until transferred to the electron microscope for
imaging. ImageJ was used to determine particle size and fiber dimensions. For
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the former structures, all images were converted to black and white, and par-
ticles were analyzed for diameter. To determine fiber width, profile plots showing
gray scale values were obtained from original images. Fiber diameters were
then taken as the distance between local minima.

siM. SIM was performed on an Elyra PS.1. Before semipreparative HPLC purification,
P7D3 samples were prepared at 3 mg/mL in water containing 1.5 mol% Di067 dye.
To prevent fiber diffusion during imaging and preserve the wetstate structure, a
covalent PEG-based hydrogel was used to mount fibers between glass coverslips
and slides (50). For embedding, hydrogel precursor Tris(2-aminoethyljamine-
modified, multiarm PEG was added to the P7D3-DiOC7 solutions at 10 wtb%.
Ten microliters of the solution was then diluted 1:2 with a 100 mg/mL solution of
N-hydroxysuccinimide-functionalized multiarm PEG on a glass slide and rapidly
mixed with pipetting. After 3 min, a glass coverslip was mounted on top of the slide.
Samples were left undisturbed for an additional 10 min to allow for complete gela-
tion before imaging.

Coarse-Grained Modeling. We represented each DPCA molecule as a single
bead. Intermolecular DPCA-DPCA interactions were modeled with a
Lennard-Jones (LJ) 6-12 potential that was cut off at 2.5c (where o is the LJ
diameter) to capture the attraction between DPCA molecules. The strength of
DPCA-DPCA attractions was set by the LJ well depth, 5, a key control parameter
in our study. The 750-Da PEG was represented as three linearly connected LJ
beads (with the same o as the DPCA beads) using the Kremer-Grest model
(57). This choice resulted in an average end-to-end distance of our coarse-
grained PEG of Ree = 1.880. The ratio of Ree to the DPCA size (taken to be
2"/°, the interparticle distance below which all particle pairs repel each other)
was then 1.67, which is nearly identical to the experimentally estimated
value of 1.68 by Chen et al. (10). The PEG-DPCA and PEG-PEG LJ interactions
were cut off at 2% to model purely repulsive interactions (i.e., the
Weeks-Chandler-Anderson potential) (52). The LJ well depth of these repulsive
interactions was set to the thermal energy kgT.

All simulations were conducted using the graphics processing unit (GPU)-
enabled open-source HOOMD-blue simulation package (53). Each simulation con-
sisted of 1,000 molecules and was equilibrated using an annealing procedure
described in the SI Appendix, Supplementary Information Text. The volume frac-
tion ¢ was defined as the ratio of the solute volume (the product of the number
of beads N and the volume of each bead Vp) to the total system volume Vg,
thatis, ¢ = NgVg/Vss. For the spherical bead volume, we took the bead diame-
terto be 2'/%c.

Simulations were analyzed using the open-source simulation and visualiza-
tion software OVITO (54). Beads within a cutoff distance of 1.2c were grouped
into the same cluster. The cluster density reported in Fig. 3B was calculated by
dividing the number of clusters by the system volume. The mean cluster size
reported in Fig. 3C was determined by averaging the number of molecules in a
cluster. We chose molecules rather than beads to facilitate comparisons between
the assembly of molecules with different DPCA contents.

The asphericity b of each cluster was then computed by diagonalizing its

gyration tensor S:
A 0 0
S=10 4, 0] [1]

0 0 X

following the convention 4, > 4, > A4 (note that the scalar radius of gyra-
tion is defined as Ré =1tr (§)/3). The asphericity parameter b is the difference
between the largest component and the average of the two smaller
components:

b=41, - % (A + Ayy)- [2]

All asphericities reported are in units of the LJ bead diameter o.

Hydrolysis and Enzymatic Cleavage of PEG-DPCAs. Solutions of PEG-DPCAs
were prepared in PBS following the standard protocol outlined above. At t = 0,
a 10 mg/mL stock solution of esterase from porcine liver (Sigma Aldrich,
9016-18-6) was added to +Enzyme samples to achieve a final prodrug concen-
tration of 0.3 mM and enzyme concentration of 1 mg/mL (28 U/mg). —Enzyme
samples were diluted to the final prodrug concentration using PBS. Samples
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were then vortexed and placed in a temperature-controlled bench-top shaker set
to 37°C. At predetermined timepoints, the concentrations of free DPCA and
PEG-DPCA were determined using an Agilent 1260 Infinity HPLC in analytical
mode with UV detection at 261 nm and gradient mobile phase from 70/30
(vol/vol%) water/acetonitrile (ACN) with 0.1% trifluoroacetic acid (TFA) to 100%
ACN over 30 min.

DPCA Release from Self-Assembled PEG-DPCAs. Solutions of PEG-DPCAs
(6.4 mM) were prepared in PBS following the standard protocol outlined above.
Att=0, 0.5 mL of cooled suspensions was loaded into dialysis cassettes with a
2,000 Da molecular weight cutoff. Cassettes were then submerged in a 60-mL
PBS bath, sealed, and placed in a temperature-controlled bench-top shaker set
to 37 °C. At predetermined timepoints, a 1-mL aliquot was removed from the
bath and replaced with fresh PBS. The concentration of DPCA from bath samples
was determined using an Agilent 1260 Infinity HPLC in analytical mode with UV
detection at 261 nm and gradient mobile phase from 70/30 (vol/vol%) water/
ACN with 0.1% TFA to 100% ACN over 30 min.

Cell Culture. AECs were isolated from the placental fetal membranes of
patients undergoing elective caesarean delivery at University of California San
Francisco (UCSF) Moore Women's Hospital. The fetal membranes were deidenti-
fied and considered as discarded human specimens exempt from institutional
review board approval. After multiple washes with sterile ice-cold Hank's bal-
anced salt solution (Gibco) supplemented with 1% penicillin/streptavidin (Gibco)
and 0.1% amphotericin B (Gibco), the amnion layer of the fetal membranes was
mechanically separated from the chorion layer and cutinto 1 x 1 cm pieces. The
amnion pieces were then transferred into 50-mL conical tubes containing 20 mL
of prewarmed 0.25% trypsin/ethylenediaminetetraacetic acid (EDTA) (Gibco) and
incubated at 37 °C for 10 min with gentle shaking. The obtained cells at this
step were discarded to exclude blood clots and cellular debris. The remaining
amniotic membrane pieces were transferred into new tubes containing trypsin/
EDTA and incubated at 37 °C for 30 min with gentle shaking for the second
digestion. After neutralizing the enzymatic digestion with complete culture
media (Dulbecco’s Modified Eagle Medium (DMEM)/F12 [Gibco] supplemented
with 10% fetal bovine serum [Gibco], 1% penicillin/streptavidin, 0.1% amphoter-
icin B, and 10 ng/mL epidermal growth factor [PeproTech]), the solution was fil-
tered through a 100-um cell strainer and centrifuged at 200 x g for 5 min at
4°C. The obtained cell pellets were resuspended with complete medium and
cultured in a tissue culture plate.

In Vitro Bioactivity of PEG-DPCA. The day before PEG-DPCA treatment, AECs
were seeded in a 96-well plate at a density of 2 x 10° cells/mL. The following day,
solutions of PEG-DPCA were prepared by dissolving each PEG-DPCA powder in
prewarmed complete medium at predetermined concentrations, sterile filtering
using a 0.22-um syringe filter, and adding to cells at 100 pL per well. Four hours
after treatment, the bioactivity of the PEG-DPCAs was evaluated by immunostain-
ing of HIF-1ce. For immunostaining, AECs were fixed with 4% paraformaldehyde
for 10 min and permeabilized with 0.3% Triton X-100 for 20 min at room tempera-
ture. To prevent nonspecific binding of antibodies, 5% goat blocking serum was
added to cells for 1 h. Cells were then incubated with primary anti-HIF-Tex (1:300
dilution, ab179483, Abcam) and anti-cytokeratin-18 (CK-18; 1:200 dilution,
MA119039, Thermo Scientific), as a specific marker of AECs, at 4 °C ovemight.
After multiple washes with PBS, cells were treated with secondary antibodies (Alexa
Fluor 488 [1:200, A11008, Invitrogen] and Alex Fluor 594 [1:200, A11005, Invitro-
gen]) for 45 min at room temperature. Cell nuclei were counterstained with 4',6-
diamidino-2-phenylindole (DAPI) in antifade reagent (ProLong Diamond Antifade
mountant with DAPI, Life Technologies). The stained cells were observed using a
Keyence BZX-800 microscope. For prodrug internalization studies, cells were
seeded in glass-bottom 24-well plates at 2 x 10° cells/mL and treated with soluble
prodrugs as described. Prodrug concentration was normalized to 0.2 mg/mL DPCA
to allow for accurate detection. After 4 h, cells were washed three times with warm
PBS and imaged at 405 nm excitation. To isolate cell lysates for MALDI-TOF-MS
analysis, cells were initially seeded at 1 x 10° cells/mL in six-well plates and
grown to confluency. After incubation with prodrugs, cells were washed five times
with warm PBS and trypsinized. Cell pellets were isolated via centrifugation and
washed three times with warm PBS. Pellets were then dispersed in 200 pl of lysis
buffer (1 M NaCl in 50 mM Tris-HCI buffer, pH 7.5) and sonicated for 30 min. Cel-
lular debris was then removed by centrifugation at 8,000 x g for 5 min. Lysates
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were then run on MALDI-TOF-MS following standard sample preparation (S/
Appendix, Supplementary Information Text).

Data, Materials, and Software Availability. All study data are included in
the article and/or S/ Appendix.
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