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Total synthesis of complex organic molecules is inconceiv-
able without the advancement of protective group chemis-
try.[1] Whenever a functional group needs to be preserved
under an otherwise reactive condition, an appropriate pro-
tective group is often the most straightforward and reliable
solution. The situation is very different in biology, with many
enzymes available to carry out highly specific tasks in
cleavage, coupling, and other manipulation of biomolecules.
Although these enzymes enable researchers to perform
selective transformations of biomolecules without protective
groups, the specificity of enzymes has its own limitation.
Widely used endopeptidases, for example, possess impressive
selectivities: trypsin cleaves the peptide bond after a basic
residue (K or R) and chymotrypsin after a hydrophobic
aromatic residue (F, W, or Y). Nonetheless, if one wants to
hydrolyze a particular K in a peptide with multiple Ks or
hydrolyze a particular peptide among multiple peptides
present that all contain Ks, selectivity of the protease is not
enough.

The situations described above are not just of hypothetic
value. Proteolytic activation is a critical step in cellular
infection by enveloped viruses including HIV-1,[2] influenza
virus A,[2] and coronavirus.[3] Over-expressed proteases are
crucial in tissue remodeling associated with cancer invasion
and spread.[4] Traditional protease inhibitors tend to have high
toxicities in anticancer treatment because they affect normal
cellular functions that also rely on these enzymes.

One solution to selective inhibition of proteolysis is to
target the peptide substrates instead.[5] Antibodies indeed
have been used to inhibit protease-activated receptors by
shielding the targeted cleavage sites on the substrates.[6]

Nonetheless, antibodies are expensive and fragile molecules
made of polypeptides, which themselves are subject to
proteolysis. Other materials for shielding peptides from
proteolysis are library-encoded peptides/peptoids, but the
binding affinities were in the micromolar range[5] and the
identification of strong binders was not a trivial task.[7]

Synthetic peptide-binding materials do exist[8] including
those made through molecular imprinting.[9] However, less
than a handful of reports appeared in the literature that
demonstrated protection of peptides (from proteolysis[10] or
other reactions[11]). With the reported protection so far
dependent on the binding of specific amino acids or charged
side chains, a general protection strategy for long, biological
peptides is missing despite the critical needs in biology.

Herein, we describe synthetic receptors for precise,
sequence-selective protection of peptides. With their nano-
dimension, as well as strong and selective binding, these
receptors can shield specific parts of a peptide while the rest
of the chain and other unprotected peptides in the solution
undergo proteolysis. Also, a long peptide can be protected by
two receptors targeting different segments of the total
sequence, making the protection highly versatile and predict-
able.

Our protective receptors were prepared through molec-
ular imprinting[12] of cross-linked micelles (Scheme 1).[13] The
facile one-pot synthesis consists of several key steps:
(a) spontaneous micellization of cross-linkable surfactant 1,
(b) spontaneous inclusion of the peptide template, divinyl-
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benzene (DVB), and 2,2-dimethoxy-2-phenylacetophenone
(DMPA, a photoinitiator) into the micelle, (c) covalent
capture of the mixed micelle on the surface by diazide 2
using the click reaction, (d) surface decoration of the cross-
linked micelle by monoazide 3 using the click reaction, and
(e) an orthogonal, free radical core-cross-linking induced
typically by UV irradiation. A highlight of micellar imprinting
is the large imprinting factor obtained (frequently reaching
hundreds[14] and sometimes 10 000[15]), as a result of templated
polymerization in the confined nanospace.[16] The number of
binding sites per molecularly imprinted nanoparticle (MINP)
is conveniently controlled by the surfactant/template ratio.[13]

Purification requires nothing other than precipitation and
washing, due to the solubility properties of MINP imparted by
surface ligand 3.

The idea of using MINPs for peptide protection was based
on the reasoning that the Michaelis constants for common
proteases are usually in the submillimolar to millimolar
range,[17] but MINPs can bind many biological peptides with
tens of nanomolar affinities.[15, 18] Selectivity of the protection
comes from the high selectivity of binding displayed by
MINPs for peptides. The imprinted pockets, for example,

could distinguish leucine from isoleucine easily, as well as
phenylalanine from tyrosine.[18a]

To demonstrate selective protection of peptides by MINP,
we first tested the proteolysis of a biological peptide,
Angiotensin III (A-III, RVYIHPF). The peptide was chosen
as our first model substrate because it is cleavable both by
trypsin after arginine (R) and by chymotrypsin after tyrosine
(Y). The proteolysis was monitored by LC–MS and the results
are summarized in Figure 1.

Figure 1a,b shows that the peptide could be cleaved by
trypsin and chymotrypsin in 120 and 240 minutes in buffer,
respectively. Importantly, MINP(A), i.e., MINP prepared
with A-III as the template, could suppress the reaction to
� 10% at 1 equiv in the trypsin proteolysis and 2 equiv in the
chymotrypsin proteolysis. Molecular imprinting was key to
the protection, because nonimprinted nanoparticles (NINPs)
prepared without templates only slowed down the proteolysis
slightly. Isothermal titration calorimetry (ITC) showed that
the binding constant (Ka) of MINP(A) for A-III was 1.89 �
107

m
�1 in pH 7.4 phosphate buffer and that of NINP was only

1.99 � 104
m
�1 (Table 1, entries 1 and 2). The imprint/non-

imprint ratio (i.e., imprinting factor) was thus 950, under-
scoring the strong template effect in the micellar imprinting.

To establish the correlation between binding and protec-
tion, we prepared a series of 6 MINPs for A-III, using the N-
and C-terminal sequences containing the first 4, 5, and
6 amino acids from the chain ends, and measured their
bindings for the parent peptide by ITC (Table 1, entries 3–8).
We then studied the proteolysis of the parent peptide in the
presence of the seven MINPs—6 + MINP(A)—and deter-
mined the yields of the expected products after 2 h of
digestion with trypsin (Table S1) and chymotrypsin

Figure 1. a,b) Proteolysis of A-III in 10 mm phosphate buffer (pH 7.4)
under different conditions by a) trypsin and b) chymotrypsin. c,d) Cor-
relation between the binding free energies of MINPs for A-III and the
protection factors of the MINPs in proteolysis by c) trypsin and
d) chymotrypsin. Blue data point was for the full sequence, green
points were for the N-terminal sequences, and red for the C-terminal
sequences. e,f) Nonlinear least squares curve fitting of the conversion
of A-III by e) trypsin and f) chymotrypsin digestion in 10 mm phos-
phate buffer (pH 7.4).

Table 1: Binding data for MINPs obtained by ITC.[a]

Entry Template
for MINP

Guest Ka

[104
m
�1]

�DG
[kcal mol�1]

N[b]

1 A-III A-III 1890�130 9.92 0.95�0.01
2 none A-III 1.99�0.68 5.86 –[c]

3 RVYIHP A-III 605�18 9.25 0.98�0.01
4 VYIHPF A-III 501�65 9.13 1.07�0.01
5 RVYIH A-III 324�18 8.87 0.98�0.01
6 YIHPF A-III 107�4.58 8.22 0.99�0.01
7 RVYI A-III 89.4�4.38 8.11 0.98�0.01
8 IHPF A-III 125�6.46 8.31 1.16�0.01
9 A III Ab1–28 1.58�0.33 5.72 –[c]

10 Ab1–14 Ab1–28 1970�250 9.95 0.99�0.01
11 Ab1–14 Ab1–28

[d] 574�31 9.22 0.94�0.03
12 Ab15–28 Ab1–28 3060�560 10.24 1.08�0.01
13 Ab15–28 Ab1–28

[e] 612�60 9.26 0.90�0.02
14 Ab1–14 A-III 2.44�0.31 5.98 –[c]

15 Ab15–28 A-III 1.76�0.45 5.79 –[c]

[a] The titrations were performed in duplicates in phosphate buffer
(10 mm, pH 7.4) and the errors between the runs were <10%. The
titration curves are shown in Figures S6–S20 including the binding
enthalpy and entropy. [b] N is the average number of binding sites per
nanoparticle measured by ITC. [c] The number of binding sites per
particle (N) is not listed because the much weaker binding made the
determination of the value inaccurate. [d] The binding was performed by
titrating MINP(b1–14) with a 1:1 mixture of Ab1–28 and MINP(b15–28).
[e] The binding was performed by titrating MINP(b15–28) with a 1:1
mixture of Ab1–28 and MINP(b1–14).
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(Table S2). To our delight, the protection factor, defined as
the ratio between the yield in buffer at 2 h and the yield in the
presence of the MINP, showed a linear relationship to the
binding free energy (Figure 1 c,d, Table S3).

To further support the binding-driven protection, we
monitored the proteolysis of A-III with various concentra-
tions of MINP(A). The proteolytic yields at 2 h were found to
fit well to a 1:1 binding isotherm and afforded an apparent
“binding constant” of Ka = (2.35� 0.31) � 107

m
�1 for trypsin

(Figure 1e). This value was quite close to the actual binding
constant determined by ITC between MINP(A) and A-III,
i.e., (1.89� 0.13) � 107

m
�1. The sharp transition in Figure 1e

indicates that the protection happened nearly perfectly with
a 1:1 stoichiometry.

For the proteolysis by chymotrypsin, the reaction-based
“binding constant” was (4.78� 1.67) � 106

m
�1 (Figure 1 f),

about 4 times lower than the ITC-determined binding con-
stant. Thus, even though the degree of protection still
correlated with the binding affinity, the protective effect
was somewhat weaker than what a perfect 1:1 protection
would predict. As demonstrated in Figure 1b, a stronger
protection could be obtained by using a higher amount of
MINP.

Not only did the MINP protection work well for relatively
hydrophobic peptides such as A-III, hydrophilic peptides such
as LRRASLG, PAGYLRRASVAQLT, and
TGHGLRRSSKFCLK can be protected from proteolysis as
well, shown by similar ITC and LC–MS experiments
(Table S9 and Figures S44–S46). Functional monomers
(FMs) were needed for the MINP preparation for these
hydrophilic peptides to achieve strong binding, targeting the
amine,[18d] carboxylate,[18b] and guanidinium groups.[18c]

Having established the binding–protection correlation
and the generality of the MINP protection, we set the next
goal of selectively hydrolyzing b-amyloid peptide (1–28) or
Ab1–28 at one of the two cleavable sites by trypsin, i.e.,
arginine at AA5 and lysine at AA16 marked in green in
Figure 2. Since the two sites are only 11 amino acids apart, the
selectivity was highly demanding for a 5 nm MINP.

We prepared MINP(b1–14) and MINP(b15–28), using the first
and second halves of Ab1–28 as the template. Not only was
Ab1–28 a disease-related peptide released through proteoly-
sis,[19] its structure also helped us understand how MINP
binding would affect unbound segment of a long peptide in
a distance-dependent manner (see below). ITC showed that
the two MINPs bound the parent peptide strongly, with Ka =

1.97 � 107 and 3.06 � 107
m
�1, respectively (Table 1, entries 10

and 12).
In a phosphate buffer, the yields of the anticipated

products (i.e., peptides 7, 8, and 9) increased expectedly
over a period of 4 h, when the proteolysis was complete
(Figure 2a). Also as expected, two intermediate products
(i.e., peptides 10 and 11), with only the arginine or lysine
cleaved, showed transiently in the first 2 h of reaction time but
disappeared when the reaction was allowed to proceed
longer. The product distribution for the proteolysis in the
presence of NINP was similar in shape (Figure 2b), except
that complete digestion took 6 instead of 4 h, consistent with
the effect of NINP in the A-III proteolysis (Figure 1a,b).

When Ab1–28 was hydrolyzed in the presence of the two
MINPs, product distribution was totally different. With
1 equiv MINP(b1–14), the arginine site was completely pro-
tected and the only products observed were peptides 9 and 10
(Figure 2c, see Figure S40 for the HPLC chromatogram),
with the latter being the transient intermediate from uncon-
trolled hydrolysis of the parent peptide (Figure 2a). In the
presence of MINP(b15–28), the only products were peptides 7
and 11 (Figure 2d, Figure S41 for the HPLC chromatogram),
again fully consistent with the intended protection.

It should be noted that MINP binding did slow down the
cleavage of the exposed site but did not stop it, suggesting the
dangling, unbound portion of the peptide was accessible to
the protease. Unprotected lysine 16 in Ab1–28, for example,
underwent trypsin cleavage in the presence of MINP(b1–14)
but the (selective) proteolysis took approximately 24 h to
complete (Figure 2c), instead of 4 h in buffer (Figure 2a) and
6 h with NINP (Figure 2 b). Given that the cleavable lysine
was only two residues away from the supposedly bound b1–14,
the precision of our protection was quite remarkable.
Importantly, the proteolysis of the exposed cleavable site
did seem to correlate with its distance to the bound sequence.
The cleavable site at arginine 5, for example, was 9 amino
acids away from b15–28 bound by MINP(b15–28), (selective)
hydrolysis of Ab1–28 took approximately 12 h with this MINP
(Figure 2d).

The results so far demonstrated that MINP protection of
peptides mainly depended on the binding affinity and the

Figure 2. Product distribution curves in the trypsin digestion of Ab1–28

in a) buffer and in the presence of 1 equiv b) NINP, c) MINP(b1–14),
and d) MINP(b15–28).
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distance of the cleavable site to the bound sequence. The
predictability of the protection enabled us to manipulate the
proteolysis of peptides in different ways, using a 2:1 mixture
of A-III and Ab1–28 for a proof of concept. A 1:1 ratio was
used for all MINP and its protected peptide. Table 1 shows
that non-templating peptides displayed very low cross-reac-
tivities (0.06–0.13%) in the binding (compare Table 1,
entries 1 vs. 9, 10 vs. 14, and 12 vs. 15).

Figure 3a shows that unprotected hydrolysis of the
mixture gave peptides 4, 7, 8, and 9 as anticipated. In the
presence of MINP(A), 7.4� 1.8% of the shorter A-III
hydrolyzed, while the longer Ab1–28 underwent proteolysis
nearly completely in a 99% yield (Figure 3b). This is the
simplest protection one can imagine. Nonetheless, selective
binding of MINPs also enabled other types of protections.
When used together, MINP(A) and MINP(b15–28) were

expected to protect the entire sequence of A-III and the
second half of Ab1–28. Indeed, over a period of 12 h, only 8.8�
2.1% of A-III hydrolyzed while Ab1–28 underwent the
anticipated selective cleavage after arginine 5 to afford 7
and 11 (Figure 3c).

The most interesting protection is shown in Figure 3d,
when MINP(b1–14) and MINP(b15–28) were used simultane-
ously. Because of the steric hindrance anticipated for the two
MINPs to bind the same peptide, we did not expect the
protection would work as well as in the other scenarios. Yet,
LC–MS analysis showed that, after 4 h of trypsin digestion,
87.1� 4.4% of A-III hydrolyzed and Ab1–28 stayed intact
(Figure 3d).

To understand the double protection, we measured the
binding between MINP(b1–14) and Ab1–28 in the presence of
1 equivalent of MINP(b15–28). Our ITC titration revealed that,
when MINP(b1–14) was titrated with a 1:1 mixture of Ab1–28

and MINP(b15–28), a binding constant of 5.74 � 106
m
�1 was

obtained (Figure S16, Table 1, entry 11). The value was 3.4-
times smaller than the number obtained in the absence of
MINP(b15–28) (Table 1, entry 10). Thus, the long peptide
indeed could be bound by two MINPs simultaneously,
apparently with some steric/electrostatic repulsion as judged
from the weaker binding. A similar observation was made
when MINP(b15–28) was titrated with a 1:1 mixture of Ab1–28

and MINP(b1–14) (compare Table 1, entry 13 with 12).
In summary, MINP protection of peptides is characterized

by a broad range of substrates to be protected,[15,18] high
stability of the cross-linked micelles,[13] and predictability of
the protection (Figure 1c–f). Protection from common pro-
teases can be expected as long as strong binding is obtained
(e.g., Kd< 1 mm). Protection also depended on the location of
the cleavable site, with stronger protection observed when the
site was closer to the bound sequence. Cooperative protection
of a peptide by two MINPs was also effective, as a result of
double binding of the two segments by both MINPs.
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