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Nonionic peptide amphiphiles and their
supramolecular co-assemblies tune charge
density and bioactivity

Jacob A. Lewis, †‡ab Ronit Freeman, ‡§b Tristan D. Clemons, ¶bc

Jacqueline M. Godbe, 8bc Nicholas Stephanopoulos **b and Samuel I. Stupp *abcde

Supramolecular peptide assemblies generally rely on ionic groups for solubility in aqueous media but charge

may sometimes affect their biological functions. Cationic residues in these assemblies are often associated

with cell toxicity, and charged amino acids lead to supramolecular structures that are dependent on both pH

and ionic strength. We report here on the synthesis of a nonionic peptide amphiphile (PA) containing a

decaethylene glycol segment and its supramolecular co-assembly with ionic PA monomers as a strategy to

produce uncharged assemblies and to fine tune charge density. We show that while morphology and internal

structure depend on counterion screening and on pH for charged PA assemblies, these nonionic molecules

self-assemble to form high-aspect ratio filaments containing b-sheets stable with or without ion screening and

at acidic, neutral, and basic pH. By co-assembling nonionic PA molecules with charged PA molecules, we

could produce supramolecular copolymers with tunable surface charge density, yet with stronger internal

order than either fully charged or fully uncharged assemblies. Using an in vitro model for osteogenic

differentiation of mesenchymal stem cells, we found that supramolecular assemblies containing nonionic

molecules or co-assemblies of both nonionic and ionic PA molecules exhibit greater bioactivity than

assemblies containing only charged molecules. We hypothesize that the enhanced bioactivity originates in the

synergy between protein binding by PA molecules and increased supramolecular dynamics introduced by the

nonionic ethylene glycol segments. Thus, nonionic PAs and their co-assemblies can be used to investigate

how charge density and other factors affect bioactivity of water-soluble supramolecular nanostructures.

Introduction

It is known that electrostatic charge plays a key role in the
biological activity of nanomaterials. The high interfacial energy of

charged nanoscale surfaces drives adsorption of molecules,1,2

resulting in the formation of a biomolecular corona that deter-
mines the biodistribution of nanomaterials and their interactions
with specific tissues or cells.3–5 Polyethylene glycol (PEG) is often
used to coat nanomaterials and provide a hydrated uncharged
polymer shell that limits the accumulation of biomolecules and
prolongs bioretention.6–8 This strategy can also enhance target
recognition by decreasing signal masking by nonspecifically bound
proteins and by decreasing repulsive interactions with the cell
membrane.9–11 PEGylation has been applied to self-assembling
peptide-based nanomaterials, where molecular incorporation of
PEG improved water solubility of hydrophobic peptides and
increased order within the assemblies.12,13 At the same time,
increasing the molecular weight of the PEG chains can lead to
steric repulsion among peptides and thereby increase critical
micelle concentrations,14 implying that limiting chain length is
important for creating stable assemblies.

In self-assembling systems, ionic charge is especially important
in determining the morphology of the supramolecular structures
formed.15–21 In addition, the charge of supramolecular assemblies
determines many properties of the nanostructures including peptide
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bioactivity,22,23 biodistribution,24,25 immunogenicity,26 and gela-
tion.27,28 Peptide amphiphile (PA) molecules developed by our
group—comprising an ionizable peptide region conjugated to an
alkyl tail—are a promising platform for biomedical applications
because of their highly tunable self-assembly into dynamic nano-
structures with programmed morphologies such as high-aspect ratio
filaments in aqueous media.29–31 Self-assembly of these molecules
leads to nanostructures with a high density of surface charge, and
limiting electrostatic repulsion via screening of these charges by ions
in the media controls the morphology of the assemblies
formed.17,32–34 In addition, the highly charged surface is known to
induce apoptosis in response to cationic residues,35 while electro-
static interactions among peptide epitopes displayed by the filament
and an oppositely charged filament surface were reported to limit
bioactivity of the assemblies.15,36 It is therefore clear that charge can
impact the bioactivity of self-assembling peptides and charge is
essentially always present in the molecular structure of PAs. In this
context, the objective of this work has been to synthesize a nonionic
PA in order to more clearly understand the role of charge in its
supramolecular structure. As part of the work, we also investigated
systems in which nonionic and charged monomers were system-
atically co-assembled, evaluated the effect of uncharged PA on cell
viability, and determined how PA charge affects one example of stem
cell differentiation.

Results and discussion
Self-assembly of nonionic PA molecules

To produce PA filaments without ionic charge, we substituted a
short PEG chain for the ionizable amino acids typically
included in PA molecules for solubility in water. Previously

reported filament-forming PA molecules have included oli-
goethylene glycol as spacers between peptide domains for
self-assembly and for bioactivity37,38 or long PEG chains to
decrease degradation of PA assemblies,39 but these molecules
included ionizable peptide domains. Others have reported PA
molecules where charge was limited by chemical modification
of peptide side chains, producing hydrogels at low PA
concentrations.40,41 However, a significant advantage of the
ionic PA molecules reported by our group is their ability to
form dynamic filaments that easily dissolve in water, which has
not been reported in previous studies of nonionic PAs. To form
soluble, uncharged PA filaments, we chose the sequence
N-palmitoyl-VVAA for the aliphatic tail and peptide domain,
which we previously reported to form filaments with b-sheet
secondary structure when the peptide domain includes ionic
residues at the C-terminus, for instance N-palmitoyl-VVAAEE.31

As the hydrophilic domain, we chose a decaethylene glycol
amino acid to form the structure N-palmitoyl-VVAA-PEG10-NH2

(PA1, Fig. 1a and Fig. S1a). Previous work indicated an oli-
goethylene glycol group of this length would be short enough to
limit steric repulsion among assembled molecules,42 but we
expected it would be long enough to ensure solubility and
prevent protein fouling of the assemblies.11 The PA was synthe-
sized by coupling the PEG amino acid to a rink-amide resin and
completing the peptide using standard Fmoc solid phase peptide
synthesis, leaving an uncharged amide group upon cleavage. Follow-
ing synthesis and purification by high-performance liquid chroma-
tography, the molecule was readily resuspended in water, becoming
slightly cloudy though without a noticeably higher viscosity at
concentrations exceeding 1 wt%. We also prepared two PA molecules
in which the PEG domain was replaced with either two anionic
glutamic acid residues to form N-palmitoyl-VVAAEE-NH2 (PA2,

Fig. 1 (a) Structures of the uncharged PA1, the anionic PA2, and the cationic PA3. (b) Blueshift of peak Nile red fluorescence as a function of PA1 or PA2
concentration in buffers of 0 mM NaCl, 15 mM NaCl, and 150 mM NaCl. (c) CD of PA solutions plotted as a function of wavelength in 0 mM NaCl and in 15
mM NaCl.
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Fig. 1a and Fig. S1b), or two cationic lysine residues to form
N-palmitoyl-VVAAKK-NH2 (PA3, Fig. 1a and Fig. S1c).

We began by assessing how the substitution of charged
residues for PEGylation affected the ability of the PA molecules
to self-assemble. Because PA1 lacks ionic residues, we hypothe-
sized its self-assembly would be less dependent on buffer
salinity than its charged counterparts, as screening by ionic
solutes determines the length scale of electrostatic interactions.
We monitored self-assembly of the molecules using the Nile red
assay, where a blueshift in the dye’s fluorescence emission is
correlated with the emergence of hydrophobic pockets as
amphiphiles assemble.43 Assembly of PA1—as indicated by
the blueshift in Nile red fluorescence—occurred independently
of ionic strength, while assembly of PA2 depended on the ionic
strength of the buffer, with smaller shifts recorded in 0 mM and
15 mM NaCl than in 150 mM NaCl (Fig. 1b and Table S1). For
PA3, the blueshift in Nile red emission at high PA concentra-
tions was about half that of PA1 or PA2, suggesting less dye may
have intercalated in the assemblies, making it difficult to draw
conclusions from the assay (Fig. S2). To understand how charge
affected the propensity of these molecules to aggregate, we used
circular dichroism (CD) spectroscopy to probe the secondary
structure formed by the PA solutions. CD showed that assem-
blies of PA1 in solutions of 0 mM NaCl and in 15 mM NaCl had
identical CD spectra consistent with b-sheet secondary

structure. For PA2, however, a typical b-sheet signal was
observed in 15 mM NaCl solution, but at 0 mM NaCl the peak
centered at 200 nm was significantly diminished, suggesting
the presence of random coil secondary structure in addition to
b-sheet. For PA3, this pattern was even more pronounced with a
b-sheet signal in solutions of 15 mM NaCl and only random coil
signal was observed in 0 mM NaCl solutions (Fig. 1c). These
results suggest that ionic screening significantly affects the
secondary structure formed by PA2 and PA3, which contributed
to the higher aggregation concentrations recorded for PA2. For
PA1, however, secondary structure is unaffected by screening
and assemblies form at low concentration regardless of ionic
strength. Thus, unlike charged PA molecules, the PEGylated PA
reported here can self-assemble even in the absence of counter-
ion screening.

pH dependence of PA supramolecular polymerization

We expected the nonionizable terminus of PA1 molecules
would make their supramolecular polymerization much less
pH dependent than that of PA2 and PA3, which contain groups
that are easily deprotonated or protonated. Indeed, zeta-
potential measurements confirmed that the surface charge of
PA1 filaments was approximately 0 mV at pH 2, 7, and 12,
whereas the surface charges of PA2 and PA3 decreased at low
and high pH, respectively (Fig. 2a). Cryogenic-TEM of samples

Fig. 2 (a) Zeta-potential measurements for PA1, PA2, and PA3 solutions at pH 2, pH 7, and pH 12. (b) Cryogenic-TEM images of PA1, PA2, and PA3 each
prepared at pH 2, pH 7, and pH 12 and preserved in vitreous ice. (c) SAXS intensity as a function of the wave vector for PA1, PA2, and PA3 solutions at pH 2,
pH 7, and pH 12. (d) CD as a function of wavelength for PA1, PA2, and PA3 solutions at pH 2, pH 7, and pH 12.
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preserved in vitreous ice showed that PA1 uniformly formed
narrow ribbon structures at all pH values tested, while the
morphologies observed for PA2 and PA3 were pH-dependent. At
low pH, PA2 formed wide, short ribbons that bundled with each
other, but at and above neutral pH PA2 formed longer, narrow
fibers. Similarly, PA3 formed wide, short, bundled structures at
high pH, but formed narrow, longer filaments when charged at
neutral pH and below (Fig. 2b). These observations were
supported by small-angle X-ray scattering (SAXS) data, which
showed little difference in the ribbon-like scattering pattern
produced by PA1 in acidic, neutral, or basic conditions, but
showed a significant decrease in slope when ionic charge was
increased for PA2 and for PA3, consistent with a transition from
planar structures to narrower filaments (Fig. 2c). We next used
CD spectroscopy to determine how pH affected the secondary
structure of PA molecules within the assemblies. PA1 formed
b-sheets in acidic, neutral, and basic conditions, with similar
patterns observed at all three pH values. For PA2, b-sheet
character decreased with increased pH as acidic groups were
deprotonated and repelled one another. CD spectra for PA3
were not significantly pH dependent (Fig. 2d), which we attri-
bute to less ionization of its sidechain relative to glutamic acid.
This trend is consistent with reported pKa values for the non-
assembled glutamic acid and lysine sidechains (4.3 and 10.4,
respectively),44 which based on the Henderson–Hasselbach
equation implies twice as many glutamic acid residues are
charged at pH 2 as lysine residues are charged at pH 12.
Therefore, greater repulsion among glutamic acid residues at
pH 12 may interfere with assembly more than the smaller
amount of repulsion among lysine residues at pH 2.

To demonstrate that this pH-independent behavior was a
result of the absence of ionic amino acid residues in PA1 and
not a general result of PEGylation alone, we synthesized two
control molecules extending PA2 and PA3 with the 10-mer PEG
amino acid to afford N-palmitoyl-VVAAEE-PEG10-NH2 (PA4, Fig.
S1d and S3a) and N-palmitoyl-VVAAKK-PEG10-NH2 (PA5, Fig.
S1e and S3a). Zeta-potential measurements showed that PEGy-
lation decreased, but did not eliminate the surface charge of
these molecules at neutral pH relative to their non-PEGylated
counterparts. Zeta-potential was close to 0 mV only when the
ionic charge was limited at pH 2 for PA4 and pH 12 for PA5 (Fig.
S3b). SAXS showed that supramolecular polymerization of these
molecules was pH dependent as observed for charged, non-
PEGylated PA molecules, revealing a low-q slope that was
dependent on surface charge (Fig. S4a). CD further confirmed
that b-sheet formation by PA4 and PA5 was also pH dependent,
with CD spectra showing b-sheet formation only when charge
was minimal (pH 2 for PA4 and pH 12 for PA5; Fig. S4b). We
hypothesize that despite its short length, the addition of the
PEG chain increased steric repulsion among molecules in these
dense assemblies, decreasing b-sheet content. Thus, pH-
independent polymerization of these PA molecules was only
achieved when readily ionizable groups were absent in their
chemical structure, not by merely extending their hydrophilic
domain with PEG moieties. Furthermore, these results show
that the uncharged PA1 can present a PEGylated filament with

b-sheet character at neutral pH, which was not possible by
merely extending the charged PA2 or PA3 with a PEG domain.

Supramolecular copolymerization of nonionic and ionic PA
molecules

In order to determine if we could tune the surface charge of PA
filaments, we prepared solutions of nonionic PA1 with anionic
PA2 by mixing solutions in a 30 mM NaCl buffer and sonicating
prior to heat treatment at 80 1C for 30 min. In a previous report,
the self-assembled morphology of ionic PA molecules co-
assembled with nonionic, non-peptide surfactants depended
on the relative concentration of the two components, which was
attributed to the non-peptide surfactant disrupting hydrogen
bonding among the peptide molecules.45 In our system, both
the nonionic and ionic components are peptides, allowing us to
study how changing the ratio of nonionic and ionic compo-
nents affects interactions among the hydrogen-bonding pep-
tide domains. Cryogenic-TEM of the co-assemblies showed that
with the addition of 5 mol% PA2 to PA1, narrow ribbons
formed similar to those observed in PA1 supramolecular poly-
mers. With the addition of 25 mol% PA2 or higher concentra-
tions, the resulting supramolecular filaments appeared more
similar to the narrow twisting structures formed by assemblies
comprised entirely of PA2 monomers (Fig. 3a). This indicated
that the charged system morphology could be achieved even
with only a fraction of the molecules containing charged
monomers. Consistent with this trend, SAXS showed a signifi-
cant change in low-q slope with the addition of 25 mol% PA2 to
the uncharged PA1 filaments, indicating a transition from
wider structures to narrower assemblies. Similarly, the first
minimum in the pattern—which corresponds to the diameter
of the assemblies—shifted to the right as uncharged PA1
molecules were replaced with the charged PA2. (Fig. 3b).
Increasing the quantity of PA2 in the assemblies from 0 mol% to
25 mol% shifted the position of the first minimum from 0.60 nm�1

to 0.67 nm�1, while increasing PA2 from 75 mol% to 100 mol%
shifted the position of the first minimum only slightly, from
0.76 nm�1 to 0.77 nm�1, which indicates that the incorporation
of charged molecules decreased the cross-section of the assemblies.
The nonlinear relationship between the fraction of charged PA
molecules and the observed morphology strongly suggests that
the charged and uncharged PA molecules formed supramolecular
copolymers in which repulsion among charged PA monomers
disrupted the nonionic PA morphology, rather than segregated
assemblies. For co-assemblies of PA1 and the cationic PA3, the
low-q slope changed more gradually with the addition of charged
groups (Fig. S5a), which supports the notion that electrostatic
repulsion among lysine residues in neighboring b-strands affected
supramolecular morphology less than repulsion among glutamic
acid residues. Importantly, the transition of the scattering patterns
from a PA1-like morphology to a PA2-like morphology with the
addition of a small amount of PA2 monomers indicates that only a
small fraction of charged PA molecules within the assemblies is
necessary to observe a transition to the morphology characteristic of
charged supramolecular polymers. This suggests that once a thresh-
old fraction of charged groups is reached in a supramolecular
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copolymer, the system adopts a morphology that best minimizes
charge repulsion. Thereafter, even as additional PA molecules are
substituted for uncharged PA molecules, there is sufficient repul-
sion among the charged groups for the PA to maintain the
morphology of the completely charged assembly.

Next, we investigated how changing the total charge of the
supramolecular copolymers affected intermolecular order
among molecules within the assemblies. Using wide-angle
X-ray scattering (WAXS), we observed three peaks: the first at
a d-spacing of 0.84 nm was a result of the (01) spacing between
the b-sheets, the second peak with a d-spacing of 0.47 nm
originates from the (10) spacing among molecules within the
b-sheet, and the third peak corresponding to a d-spacing of
0.41 nm is a (11) reflection. The intensities of the (01) and (11)
peaks were stronger in the fully nonionic supramolecular
polymers than in the fully anionic assemblies. This may be
explained by the long-range nature of electrostatic interactions,
which would be greater than that of local steric interactions, so
repulsion among ionic charges on neighboring b-sheets
affected the spacing between the sheets. Thus, steric repulsion
among PEG chains would be more likely to affect interactions
among nearest neighbors only. Surprisingly, the strongest (10)
peak occurred when PA1 and PA2 were mixed in an equimolar
ratio, suggesting that the arrangement of molecules within the
co-assemblies minimized repulsion among the molecules
(Fig. 3c). Thus, while the change in supramolecular morphol-
ogy with increasing charge was monotonic, the fraction of
molecules with the characteristic b-sheet spacing first

increased and then decreased with increasing PA2 content.
For co-assemblies of PA1 and the cationic PA3, the intensity
of all three peaks decreased with increasing charged PA content
(Fig. S5b). While the lysine side chains affected assembled
morphology less than glutamic acid residues, interactions
among lysine groups in the same b-sheet may have had a
stronger effect on hydrogen bonding along the filament axis
than interactions among glutamic acid residues, possibly due
to steric interactions as a result of the bulkier side chains.

We hypothesized that the strong (10) WAXS peak observed
when PA1 and PA2 were co-assembled was a result of molecules
within the filaments arranging to minimize repulsive interac-
tions with their neighbors—both by limiting steric interactions
among neighboring PEG chains and by limiting electrostatic
interactions among nearby charged groups. We used CD
spectroscopy to further probe the effects of co-assembly on
interactions among the molecules within filaments. CD showed
weaker overall b-sheet signal for PA1 alone and co-assemblies
containing 5 mol% PA2 and the greatest intensities occurred in
systems containing 25–75 mol% PA2 (Fig. 3d), further support-
ing the result that co-assembling PA1 and PA2 increased
b-sheet content relative to either PA alone. To further investi-
gate this hypothesis, we used Fourier-transform infrared
spectroscopy (FTIR) to monitor the amide I0 peak, which
indicates b-sheet secondary structure.46 We observed a shift
in the peak to lower wavenumbers for PA2 relative to the
nonionic PA1. In co-assembled systems, the position of
the amide I0 peak shifted from 1625 cm�1 to 1623 cm�1 with

Fig. 3 (a) Cryogenic-TEM micrographs of co-assemblies of nonionic PA1 and anionic PA2 preserved in vitreous ice with the molar fraction of PA2 in the
co-assemblies indicated. (b) SAXS intensities of the co-assembled PA systems as a function of the wave vector with vertical lines showing the first
minimum of the PA1 and PA2 scans. (c) WAXS intensity as a function of the wave vector for the co-assembled PA systems. (d) CD spectra as a function of
wavelength for the co-assembled PA systems. (e) FTIR absorbance spectra as a function of wavenumber for the co-assembled PA systems with vertical
line showing the peak absorbance in the amide I0 band for PA1 and PA2.
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the addition of 25 mol% PA2 to PA1 assemblies, but shifted
only slightly more, to 1622 cm�1, for 100 mol% PA2 assemblies
(Fig. 3e). Previous reports of alanine-rich peptides indicate that
this shift correlates with hydration of the peptides,47 suggesting
increasing charge leads to greater internal hydration of the
supramolecular filaments. These results point to the comple-
mentary ways in which combining charged and non-charged
groups can strengthen hydrogen bonding interactions within
the assemblies. Once a threshold fraction of charged PA2
molecules was added to PA1 assemblies, ordered lateral spa-
cing between neighboring b-sheets decreased due to repulsion
among charged groups, as evidenced by the decrease of the (01)
WAXS peak. This in turn would increase the spacing between
PEG segments on neighboring b-sheets, freeing more space for
water to penetrate the filament and leading to more hydrate-
d—and possibly more dynamic—assemblies. On the other
hand, co-assembling nonionic PA1 with anionic PA2 can sepa-
rate PA2 molecules from one another within b-sheets, thus
decreasing repulsive interactions among glutamic acid groups
and yielding increased b-sheet content. Thus, we expect that co-
assembling PA molecules with ionic and nonionic hydrophilic
groups is a potential strategy to limit the repulsive interactions
present in homogeneous b-sheet-forming assemblies.

Effect of surface charge on PA filament bioactivity

To test the biocompatibility of the nonionic PA1, we treated
normal human lung fibroblast (nHLF) cultures with PA solu-
tions of various concentrations. Both PA1 and PA2 were non-
cytotoxic, with over 85% of cells staining positive for calcein at
up to 100 mM PA, whereas PA3 was highly cytotoxic (EC50 = 25 �
4 mM). This trend is consistent with our previous reports, where
cytotoxicity of cationic PA assemblies was attributed to disrup-
tion of the cell membrane. Thus, we demonstrated that PA1
could provide an alternative to PA3 for applications where
negatively charged surfaces are undesirable, such as binding
to receptors on the negatively charged cell membrane (Fig. 4a
and Fig. S6). Because only PA1 and PA2 were non-toxic to the

cell cultures, we chose to compare how they affect cell fate in
additional experiments.

To determine the effect of charged and uncharged groups in
PA copolymers on cellular function, we chose to study differ-
entiation of mesenchymal stem cells (MSCs) as a model system,
since these cells have previously been shown to respond to
surface charge in vitro.48 Specifically, osteogenic differentiation
of MSC cultures is reported to be reduced by carboxylic acid
functionalization and increased in response to amine group or
hydroxyl group functionalization of gold nanoparticles49 or
titanium oxide nanorods,50 due to upregulation of proliferative
signals like transforming growth factor b (TGFb) by acidic
groups. Importantly, TGFb signaling is necessary for the early
stages of endochondral ossification,51 meaning the effect of
charged groups on in vivo bone formation may be more
complex. While previous reports on the effect of nanomaterials0

charge on osteogenic differentiation have focused on particles
that present a single functional group, the supramolecular
copolymers we report here provide a technique to present both
charged and uncharged functional groups at a controlled ratio,
making it possible to study how osteogenic progenitors
respond to the presence of multiple functional groups in this
in vitro model.

To determine the effect of nonionic and ionic groups in PA
supramolecular copolymers on osteogenic differentiation,
human MSCs were cultured in osteogenic media containing
either no PA or PA1, PA2, or co-assemblies of the two PAs at
100 mM. Co-assemblies of these two PA molecules were
assumed to be non-cytotoxic due to the well-known biocompat-
ibility of the PA components; this was supported by the healthy
cell morphology and density for cells treated with these copo-
lymers. After 14 days in vitro, cells cultured in osteogenic media
with or without the presence of PA exhibited a stellate mor-
phology as opposed to the spindle morphology observed in cells
maintained in the growth media used to expand the cultures
(Fig. S7). To determine if the presence of PA filaments in
human MSC cultures affected their phenotype, osteogenic

Fig. 4 (a) Percent viable cells as a function of PA concentration for nHLF cultures treated with PA1, PA2, or PA3 for 36 h; significance calculated relative
to other PA treatments at the same concentration (n = 3). (b) ALP activity normalized to DNA concentration for human MSCs treated with 100 mM PA1 and
PA2 co-assemblies cultured in osteogenic media for 7 and 14 days; significance calculated relative to no PA control for each timepoint (n = 4). (*, p o
0.05; **, p o 0.01; ***, p o 0.001)

Paper Journal of Materials Chemistry B

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
7/

20
26

 8
:0

3:
03

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6tb00293e


6258 |  J. Mater. Chem. B, 2026, 14, 6252–6261 This journal is © The Royal Society of Chemistry 2026

differentiation was quantified using an assay of alkaline phos-
phatase (ALP) activity after 7 days and after 14 days. After
7 days, ALP activity was generally low, with slightly higher
activity observed in the presence of the PA copolymer contain-
ing 50% PA1 and 50% PA2 relative to the no PA control. After
14 days, PA treatment showed a significant effect on osteogenic
differentiation. Relative to human MSC cultures without PA
treatment, ALP activity was increased significantly in cultures
treated with PA1 alone and in cultures treated with supra-
molecular copolymers containing PA1 and 10%, 25% or 50%
PA2, but not in cultures treated with PA2 only filaments. These
results demonstrate that, similar to hydroxyl functionalized
nanoparticles, the presentation of nonionic PEG groups by PA
filaments can strongly affect cellular differentiation in vitro,
significantly enhancing osteogenesis even in cells already
primed for differentiation by osteogenic culture media. Impor-
tantly, as the ratio of PA1 to PA2 molecules decreased, ALP
activity did not, suggesting that the presence of carboxylic
groups did not diminish the osteogenic effect (Fig. 4b). Surpris-
ingly, the greatest increase in ALP activity relative to the control
without PA occurred in a co-assembly of 25 mol% PA2 with 75
mol% PA1, rather than the treatment that included the highest
concentration of PEG groups (Fig. 4b). Based on our character-
ization studies at this co-assembly ratio, the PA molecules
formed more hydrated, ionic PA-like assemblies, while main-
taining a high surface density of PEGylated groups. The
increased space between PEG moieties in these co-assemblies
can enhance their ability to bind proteins which signal cells to
promote osteogenesis. Furthermore, PEG moieties and their
hydration in the nonionic PA molecules can enhance supramo-
lecular dynamics, which in turn is known to improve signaling
capacity.52,53 While exploring the effect of PA charge on osteo-
genesis in vivo is beyond the scope of this work, these results
clearly show that the incorporation of nonionic PA molecules in
co-assemblies would be useful for this purpose.

Conclusions

In this study, we report on supramolecular filaments of a
nonionic PEGylated PA that polymerize into similar nano-
filaments at acidic, neutral, and basic pH with limited sensi-
tivity to buffer ionic strength. Co-polymerizing these nonionic
PA molecules with charged monomers led to filaments with a
tunable surface charge and demonstrated that only a minority
of charged groups within an assembly produced nanostructures
with a similar morphology to assemblies containing only
charged PA molecules. Our results also show that nonionic
PEGylated PA assemblies are biocompatible based on cell
viability data and show an increase in vitro osteogenic differ-
entiation in response to the filaments relative to untreated
controls. Interestingly, we found that all supramolecular
assemblies investigated containing PEGylated PA molecules
have enhanced bioactivity relative to assemblies containing
only charged PAs. We hypothesize that this effect originates
in the synergistic effect of protein binding to PA molecules and

enhanced supramolecular dynamics for cell signaling intro-
duced by PEGylated molecules. We thus envision nonionic,
filament-forming PA molecules as a useful tool in future studies
of bioactivity in PA assemblies where surface charge plays an
important role. For example, extending a fraction of the non-
ionic PA molecules within the filament with bioactive peptide
sequences may enhance recognition of specific targets or
decrease repulsive interactions with cell membranes to improve
receptor binding.
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