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ABSTRACT: Protein aggregation is implicated in multiple
deposition diseases including Alzheimer’s Disease, which
features the formation of toxic aggregates of amyloid beta
(Aβ) peptides. Many inhibitors have been developed to
impede or reverse Aβ aggregation. Multivalent inhibitors,
however, have been largely overlooked despite the promise of
high inhibition efficiency endowed by the multivalent nature
of Aβ aggregates. In this work, we report the success of
multivalent polymer−peptide conjugates (mPPCs) as a
general class of inhibitors of the aggregation of Aβ40.
Significantly delayed onset of fibril formation was realized
using mPPCs prepared with three peptide/peptoid ligands
covering a range of polymer molecular weights (MWs) and
ligand loadings. Dose dependence studies showed that the nature of the ligands is a key factor in mPPC inhibition potency. The
negatively charged ligand LPFFD leads to more efficient mPPCs compared to mPPCs with the neutral ligands, and is most
effective at 7% ligand loading across different MWs. Molecular dynamics simulations along with dynamic light scattering
experiments suggest that mPPCs form globular structures in solution due to ligand−ligand interactions. Such interactions are
key to the spatial proximity of ligands and thus to the multivalency effect of mPPC inhibition. Excess ligand−ligand interactions,
however, reduce the accessibility of mPPC ligands to Aβ peptides, and impair the overall inhibition potency.

A group of more than 30 different deposition diseases are
known to be associated with protein aggregation. For

instance, the supramolecular polymerization of amyloid beta
(Aβ) peptide1 and α-synuclein are implicated in Alzheimer’s
disease (AD) and Parkinson’s disease, respectively. In the case
of AD, many inhibitors based on peptides and peptidomi-
metics have been developed to impede Aβ aggregation and
alter disease progression.2,3 The therapeutic outcomes of such
efforts have had limited success, due to the inherent challenges
of specifically targeting the templated growth of unique Aβ
fibril polymorphs and the large surface area of the self-
recognition motifs. In this work, we demonstrate that
multivalent polymer−peptide conjugation is a general strategy
for developing macromolecular Aβ inhibitors4,5 with enhanced
inhibition potency, which depends on the peptide/peptoid
ligand sequence, ligand loading percentage, and polymer
molecular weight (MW) of the multivalent polymer−peptide
conjugates (mPPCs). We previously achieved such multi-
valency6,7 by conjugating copies of LPFFD (LD)8,9 to a flexible
poly(N-(2-hydroxypropyl)methacrylamide) (PHPMA) back-
bone.10,11,12 We demonstrated that LD-mPPCs effectively
block Aβ40 fibril formation as they redirected Aβ40 aggregation
from fibrils (Figure 1D, left panels) to small amorphous

aggregates (Figure 1D, right panels), as illustrated by TEM and
AFM images of representative samples. With the same polymer
backbone, mPPCs with 7% LD loading were better inhibitors
than those with 3% or 12% loading.10 We further reported that
mPPCs at a constant 7% LD loading disassemble mature fibrils
with a dependence on polymer MW.11,12 However, it remains
unclear (1) if the conjugation strategy is applicable to ligands
other than LD; (2) how the ligand loading and polymer MW
affect mPPC inhibition potency in tandem; and (3) what the
origin of such dependence is at the molecular level. Here we
report the preparation and inhibition properties of mPPCs of
three different ligands, with systematic investigation of ligand
loading and polymer MW. MD simulations were performed to
better understand the solution conformation, as well as the
inhibition dose dependence of mPPCs with different
compositions.
Our efforts to thoroughly examine the general chemical

space of mPPCs are shown in Figure 1. Central to this study is
an examination of the ligand scope of mPPCs. We initially
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explored the possibility of using native Aβ sequences including
LVFFA, LVFFA-NH2, KLVFFA-NH2, KLVFFAE-NH2, and
AIIGL as ligands but failed to obtain any effective conjugates.
Peptides LVFFA-NH2, KLVFFA-NH2, and KLVFFAE-NH2
resulted in mPPCs of limited solubility, while the more
soluble mPPCs derived from LVFFA and AIIGL were
ineffective.13 We reasoned that ligands from the native
sequence inevitably feature strong self-recognition if they are
able to interfere with Aβ aggregation, thus, a balance between
solubility and inhibition potency is difficult to achieve. We thus
focused on other ligands that mimic native Aβ structures while
endowing sufficient solubility as they disrupt long-range β-
sheet structures. Our previous reports established LD as a
prototypical ligand for mPPCs. Here we altered the ligand in
two specific ways to investigate the effect of ligand charge and
backbone structure, using LPFFN-NH2 (LN)

14 and G(mG)-
L(mG)F(mG)A-NH2 (GA) as ligands. All three are adapted
from the native sequence KLVFFA.15 We expected LN-mPPCs
to be different from LD-mPPCs because of the absence of
charge in LN. Peptoid GA, adopted from a known inhibitor
thymine-G(mG)L(mG)F(mG)A-NH2,

16 lacks the key Pro
residue in LD and LN, but features N-methylation at
alternative positions to block the extension of β-sheet
structures. The hydrogen bonding behavior between mPPCs
and Aβ peptide is distinctive as a result.
With the three ligands identified, a total of 27 mPPCs were

prepared by coupling ligand N-terminal amines to the N-
hydroxysuccinimide (NHS) activated esters on the polymer
precursor following literature procedures (see Figure 3C for a
complete list of mPPCs, and page S4−S8 of the SI for detailed
synthetic procedures).17,18 Three batches of poly(HPMA-co-
NHSMA) polymer precursors were used with MW of 18, 43,
and 77 kDa (DP = 115, 275, and 493), and a range of ligand
loading was explored for each ligand−MW combination. The
MWs and loading percentages were chosen based on previous
results.10,11,19 We aimed to prepare LD- and LN-mPPCs of 3−

12% loading to test whether 7% loading is optimal for LD-
mPPCs of all MWs10 and how such dependence varies for
mPPCs bearing a neutral ligand LN. A higher ligand loading
(7−15%) for GA-mPPCs was targeted since GA was reported
to be ineffective without a strongly hydrogen-bonding thymine
moiety at the N-terminus.16 All of the 27 mPPCs featured
relatively good solubility. Slightly lower loading was achieved
for the mPPCs prepared from the 77 kDa precursor, likely due
to the increased steric hindrance.
DLS experiments were performed to understand the

solution behavior of mPPCs. No aggregation was observed
for mPPCs up to 1 mg/mL in PBS buffer, as the hydrodynamic
size remained constant after a 25-fold dilution. The diameter of
most of the mPPCs is in the range of 4−11 nm (Figure 3C),
while the diameter of control PHPMA polymers without
ligands (prepared from aminolysis of precursors of 18, 43, and
77 kDa) are 5.7, 7.2, and 8.0 nm, respectively. However, we
noticed that two LN-mPPCs of higher MW and ligand loading
were much larger than the typical size. We reason that cross-
linking occurred due to the harsh conditions required to obtain
mPPCs with high loading of LN for high MW polymers.
Thioflavin T (ThT) assays20 confirmed the importance of

polymer−peptide conjugation, as all 27 mPPCs outperformed
isolated ligands, isolated PHPMA, and their physical mixtures,
with effective inhibition of Aβ40 fibril formation at 200 μg/mL
(the control experiment data is summarized in Table S3). In
the ThT assay, a rapid increase in fluorescence was observed
after a certain time when Aβ40 (10 μM, 43 μg/mL) was
incubated without any inhibitors at 37 °C with shaking (Figure
2A). The interval preceding the sharp increase, known as the
lag time, correlates to the Aβ nucleation process in a
nucleation−elongation mechanism.21 At 200 μg/mL, all
mPPCs significantly increased the lag time, and in most
cases, no onset of fibril formation was observed during the 24 h
incubation time. ThT assay results of three representative
mPPCs of different ligands, ligand loading, and polymer MW,

Figure 1. General design of mPPCs for inhibiting Aβ40 aggregation. (A) mPPCs are synthesized by the modification of a poly(HPMA-co-NHSMA)
backbone with an inhibitor ligand, for example, LPFFD (LD). (B) The chemical structures of ligands LPFFN and G(mG)L(mG)F(mG)A with the
N-terminal amines used in the polymer−peptide conjugation highlighted. (C) Three independent parameters, the peptide/peptoid ligands, the
ligand loading, and the polymer MW are explored in this work for optimizing the inhibition of Aβ aggregation. (D) TEM and AFM images show
Aβ40 aggregation leading to fibril formation when incubated alone (left panels), but yielding aggregates of a few nanometers in the presence of an
mPPC (right panels, see Figure 2B for details). Scale bar: 500 nm.
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together with AFM images of the corresponding samples, are
shown in Figure 2B−D. Of the three examples, two mPPCs
(3% LD, 77 kDa polymer; 9% LN, 43 kDa polymer)
completely stopped fibril formation (for simplicity, a lag time
of 24 h is assigned to complete inhibition). Only small particles
of a few nanometers were observed with AFM (Figure 2B,C).
The GA-mPPCs of 18 kDa polymer at 12% loading extended
the lag time to approximately 24 h, resulting in a small amount
of fibril together with small nanoparticles (Figure 2D).
To compare the relative potency of different mPPCs and to

provide guidance for future mPPC design, we studied the dose
dependence of their inhibition at a range of concentrations
(10, 20, 50, 100, and 200 μg/mL). The experimental data and
their analyses are shown in Figure 3A,B for a representative
example (9% LN, 43 kDa polymer) of the 27 mPPCs. While
this conjugate was capable of completely inhibiting Aβ40 fibril
formation at 100 and 200 μg/mL during the 24 h incubation,
little change was observed compared to the control (Figure
2A) when the concentration was equal to or less than 50 μg/
mL. This behavior suggests that a threshold concentration
must be reached for mPPCs to be effective. Such an “all or
nothing” dose threshold has not been observed for any other
inhibitors to the best of our knowledge22−25 and is inferred to
result from the multivalent ligand architecture26−28 on linear
polymer scaffolds.29−31 To compare the minimum effective
concentration for each mPPC, we plotted the relative lag time

Figure 2. General efficacy of mPPC inhibitors. (A) When incubated
alone at 10 μM, Aβ40 quickly formed fibrils as detected by an increase
of fluorescence intensity in ThT assays. Most mPPCs led to evident
inhibition with no fluorescence increase within 24 h at 200 μg/mL, as
is shown for (B) LD-mPPC of 77 kDa at 3% loading and (C) LN-
mPPC of 43 kDa at 9% loading. (D) GA-mPPC of 18 kDa at 12%
loading allowed partial fibril formation with a lag time approaching 24
h. The colored traces represent results from multiple replicas (n = 4).
AFM (insets, B−D) confirmed the absence of fibrils for most of the
tested mPPCs except for the GA-mPPC. Scale bar: 500 nm.

Figure 3. Dose dependence of mPPC inhibition and the evaluation of inhibitory potency of all mPPCs. (A) ThT assays of 10 μM Aβ40 in the
presence of 10−200 μg/mL LN-mPPCs from 43 kDa polymer with 9% loading. Only one representative trace of four independent measurements
at each concentration is shown for clarity. (B) The ratios of the lag time of the control (Aβ alone) to those in the presence of LN-mPPCs are
plotted as a function of mPPC concentration. Error bars represent the standard deviation (n = 4). Critical concentration, c1/3, defined as the
concentration at which mPPCs extend the lag time to 3× that of the control, is obtained directly from the plot. Plots summarizing this analysis for
all mPPCs in both mass concentration (mPPCs) and molar concentration (peptide/peptoid ligand) are shown in Figures S2 and S3, respectively.
(C) The relative potency of all mPPCs with the color of each bar representing the c1/3 value of each mPPC (potency is inversely related to the c1/3
value). The height of the gray triangles represents the corresponding ligand loading. The hydrodynamic size of mPPCs is determined by DLS, and
the two highlighted LN-mPPCs feature diameters ca. 10× larger than those of their analogs.
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(the ratio between the lag time of the control and that in the
presence of mPPCs) against concentration (Figure 3B). We
defined a critical concentration (c1/3) at which the mPPC
extends the lag time to 300% of the control and used it to
evaluate mPPC potency. The extension (300%) was arbitrarily
chosen for the best differentiation of mPPC potency due to the
lack of appropriate models for mPPC−Aβ binding. The
determined c1/3 values of all mPPCs are represented graphi-
cally in Figure 3C and they fall in the 10−150 μg/mL range.
We noticed that the critical concentration for 7 out of 27

mPPCs was equal to or lower than the Aβ40 concentration (43
μg/mL), which highlights a remarkable inhibitory potency for
these mPPCs. While no set of parameters or trends
consistently resulted in optimal mPPCs (lowest c1/3) for all
three ligands, we did gain insight into the interplay of ligand
loading and polymer MW for each ligand. For the negatively
charged ligand LD, a loading percentage close to 7%
consistently led to the maximum inhibition for all MWs. The
same phenomenon was not observed for neutral ligands LN or
GA. Other than the two abnormally sized LN-mPPCs, we
found that an optimized number of copies in LN-mPPCs, that

is, higher loading for low MW and lower loading for higher
MW, leads to better inhibition. Since LD and LN only differ by
the amidation of one side chain, differences of ligand loading
dependence must result from the charge of the ligand. Our
hypothesis is supported by a similar trend for another neutral
ligand, GA. We also found that, to achieve similar levels of
inhibition for LN-mPPCs, a higher ligand loading is necessary
for GA-mPPCs. This is tentatively ascribed to a lower
hydrogen bond donor capacity for methylated ligand GA. As
for the effects of MW on inhibition, mPPCs obtained from
higher MW precursors are generally less potent. This is not
surprising considering that at the same mass concentration, a
higher MW translates into a lower mPPC-to-Aβ molar ratio.
Because of the compositional differences of mPPCs, we
primarily use mass concentration in the discussion (Figure S3).
We also analyzed the results in terms of molar concentration of
the peptide ligand and found similar trends (Figure S3). LD-
mPPCs still perform the best at 7% loading, whereas for the
neutral ligands the lower loading mPPCs generally outperform
the higher loading ones.

Figure 4. MD simulations illustrate the importance of ligand−ligand contacts in mPPC globular structures. Three replicas of mPPC models (DP =
100) were generated with 3, 7, and 12 copies of LD and LN. The extended (A−C) and equilibrated (D−F) structures containing 3 (A,D), 7 (B,E),
and 12 (C,F) copies of LD before and after simulation. The polymer backbone is shown in gray; LD ligands are shown in varied colors. (G) Radius
of gyration (Rg) of the equilibrated mPPC models (averaged over three replicas in each case). (H) Atomic contacts (3.5 Å cutoff) extracted for
polymer−polymer (violet), peptide−peptide (magenta), and polymer−peptide (brown) interactions in globular mPPC structures.
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Examining the accessible conformational space of mPPCs is
a critical step toward the understanding of the mPPC
inhibition mechanism and its MW or loading dependencies.
To that end, we performed extensive all-atom MD simulations
on model mPPCs containing LD or LN ligands at different
loadings (3, 7, and 12%) and polymer MWs (DP of 100, 300,
and 500; equivalent to polymer precursors of 16−78 kDa
MW). Three replicas were generated for DP 100 (analogous to
the 18 kDa polymer) models of 3, 7, and 12% ligand loading,
and all of them quickly formed a globular structure within the
first 20 ns of the simulation. It was found that the structural
heterogeneity from a random grafting pattern of ligands has a
limited effect on equilibrated structures of DP 100 models
(Table S4). As a result, only one model for each composition
was generated for DP 300 and DP 500 mPPCs, whose
reorganization into stable globular structures took over 100 ns
(Figure S4). While it is possible that the obtained equilibrated
structures may not be the most thermodynamically stable,
structural analyses were nonetheless performed as they
represent local minima in the potential energy surface. As a
measure of the mPPC size, radius of gyration (Rg) was
calculated for structures from the last 50 ns of each trajectory
and reported in Figures 4G and S4. For the mPPC models at
low MW (DP = 100), Rg increased only when the loading
raised from 3 to 7%, but decreased or stayed about the same
when the loading increased from 0 to 3% or from 7 to 12%
(Figure 4G). It is known that the hydrodynamic radius
obtained from DLS is larger than the radius of gyration for
simulated globular particles, and implicit solvent used in our
simulations may result in underestimated particle sizes.32 DP
300 and DP 500 models showed an evident contraction of LN-
mPPCs (Figure S6). Such contraction was absent for LD-
mPPCs at the same MW, which might be related to limited
simulation time, as larger-scale structural rearrangements may
not be captured within the simulation time frame. Never-
theless, the formation of globular structures for mPPCs is
consistently observed in all simulations.
Further interaction analyses revealed that the mPPC

globular structures are promoted by hydrophobic interactions
as well as hydrogen bonds (Figures 4H and S5). The
contraction in mPPC size is associated with an increase in
intramolecular interactions between the ligands. At higher
loadings, interaction between the hydrophobic peptide
residues becomes a dominant factor; as a result, the ligands
pack more tightly inside the core of mPPCs. The hydrophilic
PHPMA polymer backbone (rich in hydroxyl groups), on the
other hand, tends to position itself on the periphery of the
globular structure to maximize interaction with the aqueous
phase. This effect was more pronounced for LN-mPPCs, where
the absence of a net charge in the ligand leads to stronger
ligand−ligand interactions and eventually a higher level of
polymer contraction. Data supporting these conclusions are
provided in plots of Rg (Figure S6), which is systematically
smaller for LN-mPPCs. Since the contraction of mPPCs at
high loadings translates into decreased ligand accessibility,
these simulation results provide an explanation for the
experimentally observed dependence of LD- and LN-mPPCs
efficacy on peptide loading level. The significant role of
hydrophobic interactions in mPPC folding also explains why a
higher loading is needed for the neutral, less hydrophobic
ligand GA than LN.
In conclusion, we have shown that mPPCs represent a

general strategy to access Aβ inhibitors with enhanced potency.

We established that the ligand scope is limited to peptides/
peptoids that are similar to but not directly derived from the
native Aβ sequence. LD-mPPCs with a negatively charged
LPFFD ligand were more efficient inhibitors and were most
effective at 7% loading. In contrast, the optimal loading varies
for conjugates of the neutral ligands of different MWs.
Collectively, the experimental and simulation results reveal
the key yet subtle role of hydrophobic ligand−ligand
interactions in mPPC behavior. While they are instrumental
to the formation of globular mPPC structures and the
increased local concentration of active ligands, an excess of
ligand−ligand interactions leads to contracted structures where
ligands are unavailable for interactions with Aβ. Thus,
achieving optimal inhibition requires a delicate balance
between ligand−ligand and ligand−Aβ interactions. The ligand
LD, which contains a negatively charged Asp residue, illustrates
this balance as it outperforms the two neutral ligands. Our
results illustrate the opportunities for inhibitor development in
the mPPC chemical space, for example, by employing more
potent peptides/peptidomimetics as ligands and by including
additional functional groups for targeted delivery. Our findings
also pave the way for the use of mPPCs as a general platform
to target protein aggregation in a variety of other deposition
diseases in addition to AD.
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