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ABSTRACT: The development of simple, efficient and robust strategies affording the facile construction of biomimetic organo-

catalytic nano-objects is currently a subject of great interest. Herein, a new pathway to artificial organocatalysts based on partially 

collapsed individual soft nano-objects displaying useful and diverse biomimetic catalytic functions is reported. Single-chain poly-

mer nanoparticles endowed with enzyme-mimetic 

activity synthesized following this new route dis-

play: i) a relatively extended morphology under good 

solvent conditions, as revealed by small angle neu-

tron scattering and coarse-grained molecular dynam-

ics simulation results, ii) multiple, compartmental-

ized and accessible catalytic sites in which borane 

catalytic units are retained via B
...
O interactions, and 

iii) unprecedented reductase and polymerase en-

zyme-mimetic properties. 

Single-chain polymer nanoparticles (SCNPs) have recently gained 
prominence in nanoscience and nanotechnology due to the excep-
tional and sometimes unique properties displayed by such nano-

objects.1-6 SCNPs based on self-collapsed individual chains mim-
ic the structure of folded biomacromolecules although in a rough, 
primitive manner.7-14 Recently, we have demonstrated a very 
efficient strategy for the construction of transient binding disor-
dered protein-mimic nano-objects based on SCNPs.15 Small angle 
neutron scattering (SANS) and molecular dynamics (MD) simula-
tion results undoubtedly showed that the form factor of these 
SCNPs in solution resembles that of intrinsically disordered 
proteins (IDPs). Even without the precise sequence of proteins, 
the mimicking of IDPs morphology under good solvent condi-
tions was a consequence of the intrachain self-assembly process 
leading to the formation of local globules along the individual 
polymer chains. In resemblance to transient binding IDPs, the 
resulting SCNPs were able to temporarily bind vitamin B9 mole-
cules that were further delivered in a controlled manner. Con-
versely, individual globular nano-objects were observed by 
transmission electron microscopy (TEM) in the dry state.  

Enzyme-mimic catalytic nano-objects have been previously 
demonstrated based on a variety of molecular structures and 
nanoentities such as macrocyclic compounds,16 star17 and helical18 
polymers, dendrimers19 and micelles.20 However, the construction 
of bioinspired catalysts based on individual self-collapsed chains 
is challenging due to the polydisperse nature (in size and compo-

sition) of current synthetic polymers and the lack of efficient 
folding protocols. Nevertheless, in a pioneering work by Wulff et 
al.21, the synthesis of cross-linked unimolecular SCNPs contain-

ing, on average, one active site per particle was demonstrated 
using an “imprinted particle” method. The catalytic sites were 
imprinted during the synthesis of cross-linked nanogel particles 
via a diphenyl phosphate template that was subsequently removed 
from each particle. The resulting soluble nano-objects of 40 kDa 
in molecular weight showed Michaelis-Menten kinetics for car-
bonate hydrolysis, in close analogy to natural enzymes although 
with very low turnover frequency (TOF = 4.4×10-3 h-1). More 
recently, Terashima et al.22 have reported a synthetic route to 
individual amphiphilic nanoparticles that catalyze carbonyl reduc-
tions in water. After entrapment of a ruthenium (Ru)-based cata-
lyst via ligand-exchange reaction, an amphiphilic segmented 
terpolymer of 105 kDa was intramolecularly self-assembled in 
water to give individual nanoparticles containing ca. 2.5 Ru at-
oms per particle. Quantitative reduction of cyclohexanone to 
cyclohexanol in 18 h was demonstrated by using only 0.5 mol% 
of supported Ru catalyst (TOF = 11 h-1). This “hydrophobic cavi-
ty” approach has been further used with success by Huerta et al.23 
for performing L-proline catalysed aldol reactions (TOF = 2 h-1). 

In this letter, we report a new pathway to endow SCNPs with 
enzyme-mimetic activity that relies on the selection of appropriate 
SCNP precursors allowing concurrent catalyst–assisted intrachain 
cross-linking and binding of the catalyst to intramolecular SCNP 
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Scheme 1 A) Chemical structure of precursors P1-5 (BZMA = 
Benzyl methacrylate. CHMA = Cyclohexyl methacrylate. GMA = 
Glycidyl methacrylate). B) Synthesis of SCNPs N1-5 endowed 
with enzyme-mimetic activity from glycidylic precursors P1-5 
through concurrent B(C6F5)3–assisted intrachain ring opening 
polymerization and binding of B(C6F5)3 catalyst molecules via 
B...O interactions. C) Synthesis of poly(tetrahydrofuran), 
poly(THF), in the presence of catalytic amounts of glycidyl phe-
nyl ether (GPE) using the polymerase-like properties of the or-
ganocatalytic SCNPs N1-5. 

Sites. As a proof of the concept, SCNPs were synthesized from 
glycidylic precursors under B(C6F5)3–catalyzed intramolecular 
cross-linking. While the driving force for SCNP formation was 
B(C6F5)3–assisted intrachain ring opening polymerization (ROP) 
of glycidylic moieties, the simultaneous binding of B(C6F5)3 units 
to oxygen-containing functional groups (ether, carbonyl) of the 
cross-linked  GMA moieties via B...O interactions endowed the 
resulting SCNPs with reductase and polymerase enzyme-mimetic 
activity (see Scheme 1). In contrast with enzymes where the driv-
ing force for folding depends on the sequence of amino acids, 
their mutual interactions and their interactions with solvent mole-
cules, precursor self-assembly to SCNPs was driven by B(C6F5)3–
catalyzed ROP of intrachain glycidylic groups. Enzyme-mimetic 
catalytic activity resulted from B(C6F5)3–inmobilization in multi-
ple, compartmentalized internal nanoparticle sites that were ac-
cessible to reagents. Tuning of SCNP size which presumably 
influences the size, composition, number and placement of cata-
lytic compartments was found to have a significant effect on 
kinetics and, consequently, on turnover frequency during organo-
catalysis (vide infra). 

Since SCNP size at constant glycidyl content was expected to 
depend on polymeric precursor molecular weight,7,24 different 

SCNP precursors (P15) having weight average molecular weight 
(Mw) above 1000 kDa or below 100 kDa were synthesized by 
random copolymerization of glycidyl methacrylate (GMA) with 
benzyl methacrylate (BZMA) or cyclohexyl methacrylate 
(CHMA). We selected BZMA and CHMA to increase the guest 
coordination of B(C6F5)3 moieties to cross-linked glycidylic 
groups from GMA moieties. 25  To minimize intermolecular cou-
pling events while allowing significant intrachain collapse, target 
GMA content in the precursors was selected to be around 30 
mol%.7,11  SCNP precursors showing Mw < 100 kDa and narrow 
molecular weight distribution (Mw / Mn < 1.1) were synthesized in 
high yield (>80 %) by reversible addition fragmentation chain 
transfer (RAFT) polymerization. SCNP precursors showing Mw > 
1000 kDa while retaining moderate polydispersity values (Mw / Mn 
< 1.6) were obtained by free radical polymerization under contro 
lled synthesis conditions, at fractional conversion c < 0.2. The 

main characteristics of SCNP precursors P15 synthesized in this 
work are reported in Table 1.  

Table 1 Characteristics of the precursors P1-5 

Precursor # GMA  
(mol %)a 

Mw  

(kDa)b 
Mw/Mn

c Rh  
(nm)d 

P1 35 1912 1.39 20 

P2 31 2330 1.68 23 

P3 31 48.1 1.05 3 

P4 27 2641 1.55 25 

P5 30 46.0 1.06 3 

aContent of GMA in the precursor as determined by 1H NMR spectrosco-
py. bActual molecular weight as determined by combined SEC/MALS 
measurements. cMw = Weight average molecular weight. Mn = Number 
average molecular weight. dHydrodynamic radius, Rh, as determined by 
DLS measurements. 

 Table 2 Characteristics of SCNPs N1-5 synthesized from precur-
sors P1-5 

SCNP 
# 

B(C6F5)3 

Contenta
 

Mw 
app 

(kDa)b 
Mw  

(kDa)c 
Mw/Mn

d Rh  
(nm)e 

N1 4.4 610 2010 1.20 17 

N2 4.2 690 2450 1.33 19 

N3 5.1 37.2 49.1 1.05 2 

N4 4.5 1304 2614 1.41 20 

N5 4.9 35.1 46.9 1.05 1.5 

aB(C6F5)3 content  (wt %) in the SCNPs as determined by TGA measure-
ments. bApparent molecular weight as determined by conventional SEC 
measurements. cActual molecular weight as determined by combined 
SEC/MALS measurements. dMw = Weight average molecular weight. Mn 
= Number average molecular weight. eHydrodynamic radius, Rh, as de-
termined by DLS measurements.  

 

SCNP synthesis was performed in methylene chloride at room 
temperature under diluted conditions (0.3 mg/ml for SCNP pre-
cursors showing Mw > 1000 kDa and 1 mg/ml otherwise) to guar-
antee individual soft nanoparticle formation through B(C6F5)3-
assisted  intrachain  ROP  of  the  glycidylic moieties. SCNP 
synthesis at higher concentration would be performed with the 
assistance of a continuous addition technique.7,8 The irreversible 
collapse accompanying organocatalytic SCNP formation was 
clearly identified by size exclusion chromatography (SEC) due to 
the increase in retention time shown by the internally cross-linked 
SCNPs. As an example, Fig. 1A shows the SEC chromatograms 

of precursor P1 and the resulting SCNPs, denoted as N1, after 24 
h of reaction time. It is worth mentioning that the retention time in 
SEC measurements is inversely proportional to the hydrodynamic 
size, so a longer SCNP vs. precursor SEC retention time (i.e., a 

lower value of “apparent” Mw) is indicative of a more crumpled 

structure.26 Actual Mw values for SCNPs N1-5 as determined from 
static light scattering (SLS) data were consistent to those of the 

corresponding P1-5 precursors (see Table 2).27,28  

Complementary dynamic light scattering (DLS), transmission 
electron microscopy (TEM) and atomic force microscopy (AFM) 
measurements provided evidence of individual SCNP formation. 
A reasonable agreement was found between data from different 
techniques (probably due to the presence of residual solvent in the 
samples during TEM and AFM measurements). As a representa-

tive example, the average diameter of N1 from AFM (gold sub-
strate, Fig. 1B), DLS (chloroform solution, Fig. S1) and TEM 
(carbon-coated grid, Fig. S2) measurements was found to be 36, 
35, and 40 nm, respectively. Upon intrachain ROP of the GMA 
units,29-33 a complete disappearance of the 1H NMR bands corre-
sponding to glycidylic protons was observed (Fig. 1C). SCNP 
formation was found to complete after only 3 h of reaction time, 
pointing to a very fast intrachain ROP process (Fig. S3).  We have 
estimated from thermal gravimetric analysis (TGA) data that on 

average a single N1 macromolecule contains around 165 borane  
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Fig. 1 A) SEC chromatograms of the SCNP precursor P1 and the 
resulting organocatalytic SCNP N1. B) AFM picture of SCNP N1 
(dry state) showing an average nanoparticle size of 36 nm (height 
size). C) 1H NMR spectra of precursor P1 and SCNP N1 in the 
region of the glycidylic proton bands. D) 19F NMR spectra of 
B(C6F5)3 (top), poly(GPE) synthesized via B(C6F5)3–catalyzed 
ROP (middle) and SCNP N1 (bottom). 

 
units, i.e., one B(C6F5)3 molecule every 25 GMA moieties or, 
alternatively, one B(C6F5)3 unit every 70 (GMA + BZMA)  repeat 
units corresponding to a local environment of ca. 11.6 kDa in 
molecular weight (Fig. S4). Consequently, each SCNP exhibits a 
relatively large amount of compartmentalized, internal active 
catalytic sites. Fig. 1D provides a comparison of the 19F NMR 
spectra of B(C6F5)3, poly(glycidyl phenyl ether) -poly(GPE)- 

synthesized via B(C6F5)3–catalyzed ROP, and SCNP N1. As 
expected, B(C6F5)3 shows well-defined  signals that can be as-
signed to o-F, m-F and p-F atoms from C6F5 rings. Similarly, 
poly(GPE) containing residual B(C6F5)3 molecules shows slightly 
broader, but clear o-F, m-F and p-F peaks. On the other hand, due 
to the efficient binding of B(C6F5)3 moieties within the SCNP 
during the folding/collapse process via B...O interactions, only 
relatively broad, low-intensity bands are seen in Fig. 1D, arising 
presumably from F atoms in B(C6F5)3 units located at the most 
external part of the nanoparticles. In this sense, it is worth noting 
that F atoms placed in a relatively solid-like environment are 
expected to be non-detectable by liquid-state 19F NMR  
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Fig. 2. A) SANS results revealing the form factor of SCNP N1 in 
solution (green circles) and calculated form factor from MD 
simulations (inset, blue squares). Solid lines are Ornstein-Zernike 

fits33. Dashed lines represent the asymptotic regime S(Q) ~ Q-2/. 
B) Typical snapshot from MD simulations showing the relatively 
open structure of a organocatalytic SCNP under good solvent 
conditions. 

 

spectroscopy giving rise to a reduction in signal intensity as ob-

served in Fig. 1D for SCNP N1. X-ray photoelectron spectrosco-
py (XPS) measurements were in good agreement with TGA and 

19F NMR results. However, attempts to characterize the chemical 

state of the immobilized boron atoms in SCNPs N1-5 by XPS 
failed due to the small amount of boron atoms at the nanoparticle 
surface (Fig. S5).  

Additional small angle neutron scattering (SANS) experi-
ments in deuterated solvent, which did not show the presence of 
multi-chain aggregates, confirmed the unimolecular nature of the 
organocatalytic nanoparticles (Fig. 2A). Complementary molecu-
lar dynamics (MD) simulations of the folding/collapse process 
during nanoparticle formation under good solvent conditions 

suggested that the resulting SCNPs N1-5 show a relatively 
open/extended morphology in solution, which is a very conven-
ient feature for catalysis applications (see SI for SANS and MD 

simulation details and Fig. S6, S7). For SCNP N1, a comparison 
of results from SANS measurements and MD simulations is pro-
vided in Fig. 2A. The SCNP form factor was fitted using conven-
tional Ornstein-Zernike formalism.34 SANS measurements and 
MD simulations deliver practically the same value of the scaling 

exponent (1.1 and 0.9, respectively), much closer to that 

characterizing a Gaussian chain (= 1) than to that expected for 

spherical objects (≈ 1/2). The excellent agreement between 
experiment and MD simulations validates the typical nanoparticle 
morphology in good solvent (snapshot from MD simulations) 
illustrated in Fig. 2B. Gaussian chain-like behavior of single-

chain nanoparticles in solvents of good quality for the polymer 
precursors has been previously determined for nanoparticles of 
different chemical structures.26 In addition, the presence of an 
extended-to-compact transition upon solvent removal has been 
recently reported for transient vitamin-binding disordered-protein-
mimic nano-objects based on SCNPs.15  

 After precipitation in hexane and further drying under vacuum, 

the isolated SCNPs N1-5 were found to display reductase and 
polymerase enzyme-mimetic activity for reactions carried out in 
inert solvents, such as dried halogenated solvents, benzene or 
toluene. However, the catalytic activity was lost for reactions 
performed in solvents that form adducts with B(C6F5)3 such as 

acetonitrile, DMSO, DMF or alcohols, imposing limitations for 
the reuse of these enzyme-mimetic nano-objects (see SI). It is 
worth mentioning that the organocatalytic SCNP activity shown 
in inert solvents results from the interaction of individual 
B(C6F5)3 moieties with oxygen-containing functional groups 
(ether, carbonyl) of the SCNPs. 
 To evaluate the reductase-like properties of the SCNPs, we 

explored the use of the enzyme-mimetic SCNPs N1-5 in the redu-  



 

Table 3. Reductase-like properties of SCNPs N1-5 allowing the 

highly-efficient reduction of -diketones to silyl-protected 1, 2-
diols  

1 2 3 3
 

SCNP 
# 

B(C6F5)3  

(mol%)a 
Reaction  

time (min.) 
Yield (3) 

(%)b 

Meso/dl  
(%)b 

TOF 
(h-1) 

- 4c 1 >99 79/21 1485 

N1 0.3d 10 >99 80/20 1980 

N1 0.18d 12 97 80/20 2695 

N1 0.12d 15 95 79/21 3170 

N1 0.06d - - - - 

N2 0.11d 16 94 81/19 3204 

N2 0.055d - - - - 

N3 0.14d 7 96 79/21 5880 

N3 0.07d - - - - 

N4 0.12d 14 93 80/20 3320 

N5 0.13d 8 97 79/21 5595 
a With respect to dimethylpenylsilane. b As determined by 1H NMR 
spectroscopy. c Data from  reference 35. d Entrapped in the SCNP. (TOF = 
Turnover frequency; see reference 36). 

 

ction of -diketones to silyl-protected 1,2-diols as a representative 
model reaction.35 In particular, the bis(hydrosilylation) of benzil 

(2) with dimethylpenylsilane (1) in dichloromethane was  investi-
gated as a function of nanoparticle loading and the results were 
compared to the reported, control reaction using 4 mol% of 
B(C6F5)3. As summarized in Table 3, reactions carried out with 
only 0.3 mol% of entrapped B(C6F5)3 with respect to the amount 

of silane reagent gave quantitative yield of product (3), as well as 
a meso/dl ratio = 80/20. Very good yield was maintained by 
reducing the amount of catalyst up to a limiting value of 0.12 
mol%, while retaining the diasteroselectivity (Table 3, Fig. S8). 
By using SCNPs of Mw > 1000 kDa, the dark yellow reaction 
medium turned to colorless typically in less than 15 min. when 
compared to about 1 min. for the control reaction.35 We attribute 
the longer reaction time in the former case to a slower diffusion of 
the reagents to the SCNP active catalytic sites. In fact, for SCNPs 
of Mw < 100 kDa the reaction showed a typical 2-fold decrease in 
reaction time. The turnover frequency (TOF) defined as the num-
ber of moles of substrate that a mole of catalyst can convert per 
unit time36 was found to be as high as ca. 3200 h-1 for SCNPs of 

Mw > 1000 kDa (N1, N2 and N4, see Table 3). Interestingly, 

SCNPs of Mw < 100 kDa (N3 and N5) having the smallest sizes 
(Rh = 1.5 - 2 nm) showed the maximum TOF values, TOF = 5880 
h-1 (Table 3).  

Additionally, we investigated the polymerase-like activity of 

enzyme-mimetic SCNPs N1-5. We use the term “polymerase-

like” -referred to the capacity of SCNPs N1-5 for polymerizing 
THF at r.t. in the presence of small amounts of glycidyl phenyl 
ether (GPE)- to avoid confusion with the exquisite activity of 
natural polymerase enzymes that use templates (mRNA, DNA) to 
synthesize perfectly defined (in length and sequence) biomacro-
molecules.37 In the case of the enzyme-mimetic organocatalytic 

SCNPs N1-5, we found that GPE takes the role of co-catalyst 
since no poly(THF) was formed if GPE was absent (see Table 
S1). In this sense, the beneficial effect of some epoxides for initi-
ating the cationic ROP of THF has been previously recognized.38 

We hypothesize that GPE species presumably participates in the 
initial reaction steps allowing stabilization of short cationic grow-
ing chains that further propagate through ROP of THF units. By 
working at low SCNP concentration (0.3 to 2 mg/ml) and low to 
moderate reaction time (6 to 48 h), poly(GPE-co-THF) copoly-

mers of Mw  in the range of 55 to 150 kDa (SEC with PS stand-
ards) with Mw / Mn values around 2.2 to 3.2 and high content of 
THF-based moieties were obtained (see Table S1). Increasing the 
SCNP concentration leads to a higher amount of soluble copoly-
mers showing Mw = 135 kDa and Mw / Mn = 1.8 but accompanied 
by the generation of a certain fraction of organogel. Characteriza-
tion of the soluble poly(GPE-co-THF) fraction by 1H NMR spec-
troscopy revealed a content of GPE units of only 1.6 mol%, in-
corporated presumably at the early beginning of the ROP process 

(see Fig. S9). In absence of THF, SCNPs N1-5 allow the ROP of 
GPE leading to poly(GPE) of low molecular weight (Mw = 6.5 
kDa and Mw / Mn = 2.2). In this case, organogel formation was not 

observed even by working at high loading of SCNPs N1-5 and up 
to high conversion. Several factors could contribute to organogel 
formation. First, the presumably depletion interactions between 
particles caused by the presence of high molecular weight poly-
mers in the reaction medium could lead to significant interparticle 
attraction at high SCNP concentration.39 Hence, the probability of 

a growing poly(GPE-co-THF) chain initiated in a given SCNP to 
connect with another SCNP will increase. Second, the probability 
of transfer events stopping chain growing will certainly increase 
with increasing SCNP concentration. Work is in progress to 
elucidate the mechanism behind (and the scope of) the polymer-

ase-like activity of enzyme-mimetic SCNPs N1-5.  

In summary, a new pathway to single-chain polymer nanopar-
ticles endowed with enzyme-mimetic activity has been introduced 
based on concurrent catalyst–assisted intramolecular cross-linking 
of linear precursors and binding of the catalyst to SCNP intra-
chain cross-linked sites. As a proof of the concept, organocatalyt-
ic SCNPs were synthesized from appropriate glycidylic precursors 
through B(C6F5)3–assisted intrachain ring opening polymerization 
and B(C6F5)3 binding to oxygen-containing functional groups 
(ether, carbonyl) of the SCNPs via B...O interactions. The result-
ing SCNPs, showing multiple, compartmentalized local catalytic 
sites and a relatively open/extended morphology under good 
solvent conditions, display reductase and polymerase-like proper-
ties. This new “concurrent” strategy for endowing SCNPs with 
enzyme-mimetic activity broadens the previous “imprinted parti-
cle”21 and “hydrophobic cavity”22,23 routes. In the near future, new 
folding/collapsing activators playing simultaneously the dual role 
of intrachain cross-linkers and chemoselective catalysts will be 
explored. 

Supporting Information. Materials and methods, characteriza-
tion techniques, molecular dynamics (MD) simulations and sup-

porting data. This material is available free of charge via the 
Internet at http://pubs.acs.org.  
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