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Abstract: The use of high catalyst loading is required for most of the organocatalyzed asymmetric
aldol reactions in organic synthesis, and this often presents challenges during purification and
difficulties in catalyst recovery from the reaction mixture. The immobilization of the catalyst onto gold
nanoparticles (AuNPs) can change the structural conformations of the catalyst, thereby improving
its catalytic activity and reusability. Herein we report on the synthesis of aldolase mimetic peptide
coupled to gold nanoparticles (AuNPs) as efficient organocatalysts for asymmetric aldol reaction.
AuNPs were synthesized using the Turkevich method. The conjugation of the peptide to AuNPs was
characterized using surface plasmon resonance (SPR), Raman and X-ray photoelectron spectroscopy,
and transmission electron microscopy (TEM) was used for particle size determination. The produced
nanoparticles, whose sizes depended on the reduction method, were quasi-spherical with a relatively
narrow size distribution. The peptide–AuNP conjugates were evaluated for aldol reaction catalytic
activity between carbonyls p-nitrobenzaldehyde and cyclohexanone. The products were obtained
with good yields (up to 85%) and enantioselectivity (up to 94%). The influence of organic solvents,
pH and buffer solutions was also investigated. The results showed that the buffer solutions regulated
the colloidal stability of AuNPs, resulting in a significant enhancement in the catalytic rate of the
peptide–AuNP conjugate.

Keywords: peptide; nanoparticles; aldol reaction; catalytic activity

1. Introduction

The use of organic compounds as asymmetric catalysts complements the conventional
use of organometallic and biocatalytic approaches in asymmetric catalysis. Organocatalysis
has recently gained considerable attention in the synthesis of chiral molecules and has
been designated the third general approach to the catalytic production of enantiopure
compounds [1–3]. However, most asymmetric reactions in organic synthesis require rel-
atively high catalyst loading, and this often presents challenges such as the purification
of products and difficulties in the separation of the catalyst from the reaction mixture [4].
Due to the rise in demand for optically pure compounds, a lot of work has been done to
develop efficient stereoselective methodologies in organocatalysis [5–7]. The immobiliza-
tion of asymmetric catalysts onto solid carriers or polymers has shown some impressive
results in terms of reusability and product isolation [8]. There are several techniques
used in the immobilization of catalysts on solid supports [9] or ionic liquids [10], reported
in the literature for providing sustainable organocatalytic systems. Nanoparticles (NPs)
have gained significant attention in recent years, with wide applications in sensing, drug
discovery, novel therapy, catalysis, and control of protein structure and activity [11–14].
In particular, gold nanoparticles (AuNPs), because of their size- and shape-dependent
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properties and ease of synthesis and surface functionalization, have become increasingly
popular for the development of supported catalysts [12,13,15]. In addition, AuNPs can
be simply functionalized using biomolecules possessing amines or thiols and phosphine
moieties [13]. Cysteine is most likely to bind to AuNPs through its thiol (–SH) group, and
this bond is formed by a ligand exchange reaction between cysteine and citrate-capped
gold nanoparticles [16,17]. To date, most of the work reported in the literature involves the
immobilization of enzymes onto gold nanostructures in attempts to improve enzymatic
activity and stability, change substrate specificity [18,19], as well as create enzyme mim-
ics [20,21]. Studies involving the conjugation of peptides to AuNPs have been focused
on the detection of heavy metals [22,23] and on biomedical applications for drug delivery
and cellular uptake [11,24]. However, few studies have been reported on peptide–AuNPs
as catalysts for organic synthetic reactions [20,25,26]. Previous work has focused on pro-
line and its derivatives [10,27,28]. In this study, peptide–AuNP conjugates are utilized
as organocatalysts for aldol reactions. The aldol reaction is one of the most useful C-C
bond-forming reactions in organic synthesis [5]. Most of the traditional catalysts reported
in the literature for the aldol reaction have a few drawbacks, such as the use of excess
amounts of hazardous solvents and high catalyst loading, which hinders progress toward
efficient, environmentally friendly, sustainable catalysts. Among several organocatalysts
reported for the aldol reaction, peptides have received considerable attention in recent
years [29,30]. The use of peptides as biocatalysts has advantages, such as ease of synthe-
sis and purification, and their structural and functional diversity provides multiple sites
for modification, which can be easily attained by changing the sequences of amino acid
residues [31–33]. Although significant improvements have been made in the design of
peptide catalysts incorporating a secondary structural framework, there are still some limi-
tations in catalyst reactivity. Peptides functionalized onto the surface of gold nanoparticles
have been shown to form new functional nanoparticles with enzyme-like structures and
properties [20,21]. The conjugation of polypeptides to NPs has the potential to influence
both function and structure, and this effect depends on the sequence of the peptide [34].
Recently, we reported on mimetic peptides modelled on the catalytically active site of the
fructose-1,6-bisphosphate aldolase (FBPA) enzyme as a catalyst for aldol reactions [35].
The peptide-catalyzed aldol reaction between aromatic aldehydes and cyclohexanone was
demonstrated with notable catalytic activity and selectivity. The findings further proved
that a large amount of catalyst was required for the rapid conversion of the substrate and
to improve the yield (Scheme 1). Herein, we report on the catalytic activity and stability of
peptide-functionalized gold nanoparticles in an aldol reaction.
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Scheme 1. Aldol reactions catalyzed by FBPA peptide mimics [35].

2. Results and Discussion
2.1. Rational Design of the Peptide

The peptide TP_ADLys was designed and synthesized as previously reported [35].
The peptide catalyst sequence consists of cysteine residues at each terminus [C(-COOH)
and N(-NH2)] of the peptides (Figure 1).
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Figure 1. Schematic representation of the peptide.

Amino acids are known to interact with the gold surface specifically through their
side chains; therefore, the two cysteines were incorporated as the side chain sulphur atoms
have a high affinity for the AuNPs’ surface [16], which allows efficient conjugation. The
catalyst also possesses amino acids with hydrophobic side chains, [Alanine (A) and glycine
(G)], which are known to promote self-assembly and stability of the peptide in water [36].
These hydrophobic interactions, together with hydrogen bonding formed between the
peptide’s backbone amides and the NPs, are thought to provide efficient packing of the
molecules onto the NPs’ surface. In addition, the NPs can reduce the peptide’s mobility,
thus promoting stability [36,37]. Lysine residues form enamine intermediates during aldol
catalytic reactions and are also believed to participate in coordination bonding with AuNPs
through the amine functional group [38]. The optimal conditions (such as the solvent
medium and solution pH) that allow sufficient coverage of the surface while ensuring the
stability of the nanoparticles during catalytic reaction were also taken into consideration.

2.2. Synthesis of Gold Nanoparticles and Peptide Functionalization

Gold nanoparticles were synthesized by the reduction of hydrogen tetrachloroaurate
(HAuCl4) with trisodium citrate. The reduction of gold chloride (III) using citrate has a
few advantages, such as the fact that the citrate can be readily displaced, allowing for easy
conjugation of the particles. The biomolecules of peptides or proteins containing thiols,
amine and phosphine moieties can be used for functionalization since the synthesis is
performed in an aqueous medium [39,40]. To obtain different sizes of AuNPs, different
volumes of 0.04 M citrate solution (20, 30 and 50 mL) were added to the aqueous solution
of HAuCl4 (250 mL, 1 mM). This also allowed for the efficiency of the reductant, which
mostly depends on its concentration [41]. To investigate the optical properties of both the
gold colloidal solutions and peptide–AuNP conjugates, both solutions were analysed using
UV–vis spectrophotometry. The absorption profile obtained for citrate-capped AuNPs
revealed a damped localized plasmon resonance (LSPR) band peaking around 518, 520 and
523 nm for AuNP-20, AuNP-30 and AuNP-50, respectively (AuNPS-20 denotes labelling
for AuNPs prepared with 20, 30 or 50 mL citrate; AuNPs-20P denotes labelling for peptide
coupled to AuNPs prepared with 20 mL citrate), thus confirming the formation of quasi-
spherical AuNPs (Figure 2). This observation illustrates the effect of collective oscillations
of conducting electrons when interacting with electromagnetic radiation [42]. Furthermore,
the magnitude of the shift differs with both the refractive index of the adsorbed layer and
its thickness [43,44]. The gradual increase in shift of the AuNPs as the citrate volume
increased further demonstrates the dependence of LSPR on the size of the nanoparticle.
The literature suggests that a higher citrate ratio affords smaller nanoparticles [45].
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Figure 2. UV–vis absorption spectra showing the LSPR band for citrate-capped AuNPs (black line)
and peptide–AuNPs (red line).

The peptide was functionalized by incubating the obtained particle sizes in different
peptide concentrations in Milli-Q water for 3–12 h, followed by successive washes to
ensure complete coupling of the peptides and to reduce the concentration of nonconjugated
peptide [46]. Furthermore, a broader absorbance shoulder was seen with a strong plasmon
band at 605, 600 and 595 nm for AuNP-20P, AuNP-30P and AuNP-50P, respectively, when
the particles were introduced to the peptide solution. The large LSPR shift observed
suggests a strong interparticle interaction, confirming the conjugation of the peptide to
AuNPs. Additionally, this shift is due to the change in the refractive index in the vicinity
of the particle surface during the immobilization of the peptide [47]. The broader surface
plasmon also indicates the change in the dielectric constant, which is attributed to the
agglomeration of the nanoparticles. To further understand the specific interaction between
the gold nanoparticles and the peptide, and the arrangement within the nanoparticles,
transmission electron microscopy (TEM) analyses were carried out (Figure 3). The images of
the citrate-capped NPs shown in Figure 3a–c reveal roughly quasi-spherical particles with
a fairly narrow size distribution. Furthermore, the results also indicate that the particles
are polycrystalline. When the gold nanoparticles were functionalized with the peptides,
the particles were fairly dispersed due to the ionic nature of the peptide surface, causing a
slight electrostatic repulsion of the individual particles (Figure 3d–f).
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The obtained TEM images were utilized to measure nanoparticle size distribution and
the average diameter using ImageJ software (Imagej 2006, v.1.4.3.67) [48]. The histograms,
which provide a visual representation of the average size of the particles, reveal an average
diameter ranging from 12 to 16 nm (Figure 4). A relationship involving the surface-to-
volume ratio can be seen, as there is a slight decrease in the average size as the citrate ratio
increases. This effect can be attributed to a slight agglomeration of nanoparticles (Figure 4)
prior to functionalization, which can result in a slow substitution reaction of the citrate by
the peptide [49]. One of the contributing factors leading to aggregation is the high surface
area-to-volume ratio, which leads to thermodynamically unstable small Au clusters, as
reported in the literature [50,51]. Moreover, other studies postulate that aggregation is
due to van der Waals forces and the tendency of Au(III) complexes to attract metallic Au
surfaces [52,53]. In parallel, when the peptide was conjugated to the nanoparticle, there was
a decrease in average particle diameter from 13.53 ± 3.5 to 11.9 ± 2.47. The observed results
were consistent with those reported in previous studies [38]. This observation suggests
that the binding affinity plays a vital role in governing the interactions between the peptide
and the growing particle size [54]. The mechanism can also be explained in terms of the
effect called ‘bridging flocculation’, which describes the binding of a peptide molecule to
more than one particle at a time [38]. The chelate formed between the sulfhydryl group
of the cysteine residue of the peptide and Au3+ can also restrict the growth of AuNPs by
prohibiting further nucleation of the free remaining gold ions [41,55].
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2.3. Characterization Using Raman and X-Ray Photoelectron Spectroscopy

The survey spectrum of citrate-capped AuNPs (Figure 5) shows a peak attributed
to AuNPs, along with peaks for carbon (C) and oxygen (O) (the C1s high-resolution
spectrum is shown in Figure S28), which are associated with the citrate ligands on the
surface of the gold. The presence of sodium (as shown in the high-resolution spectrum
in Figure S28) suggests that free sodium citrate molecules are also present. In the survey
spectrum of peptide–AuNPs (Figure 5), the appearance of the N1s peak (high-resolution
spectrum shown in Figure S28) indicates ligand exchange, whereby the citrate molecules
have been replaced by the peptide. The prominence of the Au4f peak suggests the complete
removal of the sodium citrate capping agent, with the AuNPs now stabilized by the peptide.
Consequently, in this case, the C1s (high-resolution spectrum in Figure S28) and O1s peaks
can be attributed to the peptide.
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Figure 5. X-ray photoelectron survey and high-resolution (O1s, Au4f and valence) spectra of citrate-
capped AuNPs (black line) and peptide–AuNPs (red line).

To further analyse the samples, high-resolution core-level spectra of both citrate-
capped AuNPs and peptide–AuNPs were examined (Figure 5). The O1s spectrum of
citrate–AuNPs shows the presence of sodium citrate functional groups, while the absence
of sodium in the O1s spectrum of peptide–AuNPs confirms the ligand exchange (Scheme 2).
The Au4f high-resolution spectrum of citrate–AuNPs is characterized by two pairs of peaks
due to the 4f7/2 and 4f5/2 spin–orbit coupling. The first and most significant pair (83.3 eV
and 87.1 eV) is attributed to elemental gold (Au0), while the other pair (84.5 eV and 88.2 eV)
is associated with oxidized gold. This oxidation may result from exposure to oxygen [56]
or from the high surface area-to-volume ratio of the nanoparticles, which makes them more
reactive. Surface atoms can interact with their environment, leading to oxidation or charge
transfer, which can produce Au+ species [57]. In some cases, Au+ can form as a charge
compensation mechanism, especially in the presence of defects [58]. The disappearance of
Au+ peaks in the XPS spectrum after conjugating the peptide to AuNPs may be attributed
to several factors. First, the peptide may act as a reducing agent, converting Au+ back to its
elemental state (Au0) [59]. Additionally, the conjugation may passivate the nanoparticle
surface, preventing further oxidation and stabilising Au0 [60].
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Changes in the electronic environment due to peptide binding can also favour Au0

over Au+ [61]. Furthermore, peptide-induced aggregation of the nanoparticles may en-
hance their stability, reducing the likelihood of oxidized species [62]. The valence spectrum
of AuNPs reveals critical information about their electronic structure and oxidation states.
Typically, a characteristic peak associated with metallic gold (Au0) is observed around 2.5
to 4 eV binding energy, reflecting contributions from the 5d and 6s orbitals. Oxidized states,
such as Au+ or Au3+, may introduce new features or shifts in peak positions, indicating
the formation of new electronic states. The unique electronic structure of nanoparticles,
influenced by their high surface area-to-volume ratio and potential interactions with surface
ligands or biomolecules, can also alter the valence band profile. These insights help to un-
derstand the reactivity and stability of gold nanoparticles in various applications [59,61,62].
The valence spectrum of citrate-stabilized AuNPs is primarily characterized by contribu-
tions from the gold 5d orbitals. This spectrum features a doublet of peaks with weighted
centres at 5.87 eV and 3.02 eV. Both peaks exhibit fine structure, which is attributed to
the overlap of filled 5d orbitals from neighbouring gold atoms in the lattice. The shift in
the doublet peaks to 4.83 eV and 2.24 eV after exchanging citrate for a peptide suggests
a significant change in the electronic environment of the AuNPs. This lower energy shift
indicates alterations in the electronic structure, possibly due to increased electron density in
the 5d orbitals and modified bonding interactions with the peptide ligands. Such changes
may reflect an altered ligand field around the gold atoms, influencing their reactivity and
stability. These shifts highlight the peptide’s impact on the surface chemistry and electronic
properties of the AuNPs, which could affect their performance in various applications.

To further confirm the conjugation of the peptides to the AuNPs, Raman spectroscopy
was conducted (Figure S29). The absence of peaks in the Raman spectrum of a peptide when
analysed with a 532 nm laser can be attributed to the inherently weak Raman scattering
of peptides, which often results from their simple molecular structures. However, upon
conjugation to gold nanoparticles (AuNPs), the Raman signals are significantly enhanced
due to Surface-Enhanced Raman Scattering (SERS). This enhancement occurs because the
localized surface plasmon resonance (LSPR) of the AuNPs amplifies the Raman scattering
of the nearby peptides, allowing for clearer peaks in the spectrum [63]. Additionally, the
conjugation may alter the molecular orientation and environment of the peptide, leading
to new peaks, and the aggregation of peptides around the AuNPs further increases the
density of the analyte near the metal surface [64].
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2.4. Aldol Reaction Catalyzed by Peptide–AuNPs

The catalytic activity of the peptide-supported catalyst was then demonstrated in an
asymmetric aldol reaction. The use of water ‘as a solvent’ or co-solvent in chemical reactions
has attracted a lot of attention due to its potential and advantages such as safety, low cost,
availability, efficiency, and reactivity when compared to common organic solvents, and
lastly, its impact on the environment that avoids issues of pollution which are inherent with
common organic solvents [65]. However, it is worth noting that the use of an excess amount
of water in reactions often results in poor mass transfer [66], while conversely, a small
addition of water can accelerate the reaction and improve selectivity [5,67]. The activity of
the functionalized peptide–AuNPs was investigated using the benchmark reaction between
p-nitrobenzaldehyde and cyclohexanone and the results are summarized in (Table 1).

Table 1. Aldol reactions between p-nitrobenzaldehyde and cyclohexanone catalyzed by peptide–
AuNPs a.
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Entry Particle
Size (nm) Solvent Peptide.Cat

(mol%) Time (h) Yield (%) b ee (%) c dr (Anti:Syn) d

1 16

Ketone a

6 96
2

15
4 96 Trace – –

3 6 96 Trace – –
4

12
4 96 Trace – –

5 6 96 15 26 26:74

6 f -
Ketone e 4 48 15 5 49:51

7 f - 8 48 40 6 59:41

8 16

DMSO g

6 96 Trace – –
9

15
4 96 Trace – –

10 6 96 16 51 62:38
11

12
4 96 15 48 46:54

12 6 96 17 39 44:56

13 f - DMSO h 8 72 20 6 58:42
14 f - DMSO/H2O i 8 72 27 31 64:36

15 16
Buffer j

6 72 21 76 57:43
16 15 6 72 39 94 59:41
17 12 6 72 44 78 56:44

18 f - Buffer k 8 72 38 80 57:43
a The reaction was performed using p-nitrobenzaldehyde (0.157 mmol, 24 mg) and 0.5 mL of cyclohex-
anone/AuNPs solution. b Isolated yield. c ee values were determined by chiral-phase HPLC analysis. d Deter-
mined by 1H NMR analysis of the crude product. e The reaction was performed in ketone (cyclohexanone)/water
20:1 (v/v). f Results previously reported [35]. g The reaction was performed using cyclohexanone (0.628 mmol,
70 µL) in 1 mL DMSO/AuNPs solution. h The reaction was performed using cyclohexanone (0.628 mmol, 70 µL) in
0.75 mL plain DMSO. i The reaction was performed in 0.75 mL (0.51 mL DMSO and 0.24 mL water). j Reaction was
performed using 0.50 mL phosphate buffer solution in AuNP solution (1:1) at r.t. k The reaction was performed in
a phosphate buffer (0.5 mL).

The reactions were monitored using TLC (thin-layer chromatography). In order to
assist the solubility of the substrates and optimize conditions for the conversion of the
substrate, the reactions were performed in 50% ketone, 30% DMSO and buffered solutions.
The solvent plays a vital role in influencing the reaction kinetics and the evolution of the
transition state [68]. The use of a ketone (cyclohexanone) as a solvent has been shown
to promote aldol reactions more efficiently than organic solvents [35,69]. DMSO was
chosen because it is commonly used in aldol reaction studies and has previously shown
good results [35,65,70]. In order to obtain the optimum reaction conditions with enhanced
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catalytic activity, various peptide–AuNP sizes were investigated. When the reactions
were performed in a cyclohexanone/AuNPs system for both 16 and 15 nm sizes, only a
trace amount of the product was observed (Table 1, entries 1–4). This outcome could be
attributed to the low solubility of cyclohexanone in aqueous AuNP solution, creating a
biphasic system, thereby compromising the catalytic efficiency [71]. This phenomenon
also explains the difference observed in the increase in catalytic performance using a free
peptide (entries 6 and 7). There were highly promising results when the reactions were
performed with 12 nm (entry 5) in cyclohexanone (with 15% yield). When nanoparticle
size stability experiments were performed (see Figure S27), the TEM images revealed that
AuNPs with bigger particle sizes (15 and 16 nm) agglomerate faster than the smaller particle
sizes (12 nm). The stability of the AuNP solution was also monitored by the colour change
and UV absorbance spectra. Therefore, the observed activity in entry 5 could be associated
with the dependence of surface coverage of AuNPs on peptide concentration, which is
in agreement with previously reported work [19,72]. Moreover, when the reactions were
performed in aqueous DMSO using 16 nm AuNPs (entries 8 and 9), only a trace amount of
product was observed, thus indicating the inactivity of large particle sizes. Comparatively,
there was considerable improvement in yields (up to 17%) when nanoparticles with smaller
sizes were used (entries 10–12). The slow reaction rate is reported to be due to poor
dispersal of the catalyst and also the aggregation of the catalyst in DMSO [5]. These
findings further demonstrate that increasing the catalyst concentration and modifying
the solvent system can lead to an improvement in catalytic efficiency. In support of this
observation, the literature reports that factors such as pH solution, ionic strength and
composition of buffers can influence the interaction between peptide molecules and gold
nanoparticles [73,74]. The biocatalytic performance for the AuNP–peptide-catalyzed aldol
reactions was further evaluated in a buffered solution (entries 15–17). In selecting the initial
pH for the reaction medium, the isoelectric point (pI) of the peptide, which is known to
influence the aggregation or stability of the particles [38,75], was taken into consideration.
At neutral pH, TP_ADLys peptide has a charge of 2.9, and the calculated isoelectric point (pI)
is 9.6. At pH greater than 8, the reaction may become base-catalyzed [76], and in addition,
studies report that if the pH is closer to the pI value, the material may show limited
stability [77]; therefore, the reactions were performed at pH 7. There was a significant
improvement in both the yields (up to 44%), enantiomeric excess (ee) (up to 80%) and a
moderate improvement in the diastereoselectivity (dr) (59:41) for the aldol reactions in
buffered solutions. The satisfactory results obtained in the buffered system promoted a
search for an optimal buffering condition with the goal of improving the catalytic efficiency
of the aldol reaction while still ensuring colloidal stability for AuNPs is maintained. The
reactions were performed in citrate, phosphate and Tris-buffer at pH 5.8, 6.5 and 7.0, and
the results are presented in Table 2 below using 12 nm AuNPs.

The choice of buffers and pHs used for the reactions was informed by their aldol
reaction catalytic efficiency and selectivity, as previously reported in the literature [76,78].
In addition, the selection of buffers was based on the ability to allow monodisperse particles
with no or limited aggregation. Due to the limited mass transfer observed when the
reactions were performed in aqueous buffer solution (Table 1, entries 11–13) we attempted
the reaction in 25% DMSO to aid the dissolution of substrates. The results showed a
significant increase in the yield between 75 and 81%, for both citrate and phosphate, at
pH 6 and 7 (entries 2–3 and 5–6), while maintaining good ee (up to 89%) and moderate
diastereoselectivity (67:33). Aldol reactions are known to be responsive to pH changes [76];
therefore, the use of buffer can be efficient in influencing the reaction medium. When the
reactions were carried out at a low pH of 5.8 (entries 1 and 7), the reactions proceeded
slowly, with yields of 68 and 75%, respectively. The observed results were in agreement
with what was previously reported [79]. Moderate selectivities and diastereoselectivity
were also observed. The reactions were not favourable in Tris buffer, as yields (up to 53%)
did not significantly improve and selectivities also decreased. The hypothesis for this buffer
behaviour is unclear, but we do not exclude the possibility of the weak buffering capacity
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of Tris buffer, which is around 7–9, potentially explaining the poor reaction. Control
experiments revealed trace amounts of the product, as observed using TLC. There was no
notable difference in the results obtained using either citrate or phosphate, and therefore
further investigations were performed using phosphate buffer at pH 7. In comparison to
citrate buffer, phosphate buffer displays poor colloidal stability of nanoparticles due to
competing interactions of phosphate ions with Au ions which lead to quick aggregation [74].
The colloidal stability of gold nanoparticles in citrate buffer has been demonstrated by
other research groups [46,80,81]. The peptide–AuNP-catalyzed aldol reaction was therefore
investigated in citrate buffer (pH = 7), and the results are shown in Table 3.

Table 2. Effect of buffer and pH on peptide–AuNPs catalyzed aldol reaction between p-
nitrobenzaldehyde and cyclohexanone a.
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a The reaction was performed using p-nitrobenzaldehyde (0.157 mmol, 24 mg), cyclohexanone (0.628 mmol,
70 µL) and peptide catalyst (5 mol%) dissolved in 0.75 mL of a 3:1 50 mM buffer solution and DMSO, at room
temperature. b Isolated yield. c ee values determined by chiral-phase HPLC analysis. d Determined by 1H NMR
analysis of the crude product. e The reaction was performed without a peptide–AuNPs catalyst.

Table 3. Aldol reaction catalyzed peptide–AuNPs in aqueous buffer solution a.

Entry Particle Size
(nm) Time (h) Yield (%) b ee (%) c dr (Anti:Syn) d

1 16 48 77 88 62:38
2 15 48 81 79 49:51
3 12 48 85 74 47:53

a The reaction was performed using p-nitrobenzaldehyde (0.157 mmol, 24 mg), cyclohexanone (0.628 mmol, 70 µL)
and peptide catalyst (6 mol%) dissolved in 0.75 mL of a 3:1 buffer solution and DMSO, at room temperature.
b Isolated yield. c ee values determined by chiral-phase HPLC analysis. d Determined by 1H NMR analysis of the
crude product.

The results reveal a significant increase in the yield (up to 85%) (Table 3, entries 1–3), in
comparison to the results presented in Table 1. The influence of the smaller particle size on
catalytic activity is also demonstrated. As expected, the solution’s pH still had a significant
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influence on both the enantioselectivity and diastereoselectivity. The enhanced catalytic
activity of enzyme-functionalized AuNPs is understood to be regulated by favourable
conformational changes [72,82,83]. Hence the increased catalytic activity was attributed to
the influence of the buffer solution on the colloidal stability of the nanoparticles, which in
turn influenced the mobility of the reactants as well as structural flexibility [5,47].

3. Structural Analyses of Peptide in Solution and Pep–AuNPs in Solution

In order to explore the structural changes of the peptide upon conjugation to AuNPs,
CD (circular dichroism) experiments were performed. The experiments were recorded in
both buffer and water to compare the difference in structural folding and conformation in
these solutions. The results for the CD experiments are presented below in Figure 6.
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Figure 6. (A) Circular dichroism (CD) spectra in water for unbound peptide (TP_ADLys-W) and
bounded peptide using 16 nm (Au20P-W) and 12 nm (Au50P-W) nanoparticles; (B) circular dichroism
(CD) spectra in buffer for unbound peptide (TP_ADLys-Bf) and bounded peptide using 16 nm
(Au20P-Bf) and 12 nm (Au50P-Bf) nanoparticles, respectively.

The CD data for the unbound peptide (TP_ADLys) in water reveal a single ellipticity
minimum at 197 nm, which is characteristic of a random coil structure. For peptide-
conjugated nanoparticles synthesized from both 12 and 16 nm particles, there is an observed
trough with decreased ellipticity at 194 and 195 nm, respectively, and this was attributed to
minor conformational changes caused by the affinity of the peptide to AuNPs [84]. The
observed results further suggest that some fraction of the peptide molecules may not be
bound to the Au surfaces; therefore, only minor conformational changes were observed,
and this is similar to what was previously reported [21,47]. To further investigate the
structural changes of the free and bound peptide, the CD experiments were performed in
an aqueous buffer solution at pH 7.0, and the results are shown in Figure 6. As illustrated
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in the figure, the CD profile in buffer solution for free peptide indicates that a large fraction
of the peptide has no defined structure, with a broader negative band at 200 nm, which is
a characteristic of a random coil. For the bound peptides, the CD spectra also show two
minima bands with decreased ellipticity around 195 and 198 nm when the conjugates are
synthesized from 16 and 12 nm nanoparticles, respectively, indicating possible affinity of
the peptide to the AuNPs.

4. Conclusions

In summary, the first peptide–AuNP-catalyzed aldol reaction between cyclohexanone
and p-nitrobenzaldehyde was successful. The pep–AuNP-catalyzed aldol reaction was
demonstrated with moderate yields (up to 86%) and selectivity (up to 89%). The conjugation
of AuNPs to peptide resulted in the increased conversion rate of the substrate, presumably
due to the electron transfer rates [85]. Raman and XPS demonstrated the interaction of the
peptide with gold nanoparticles. The use of a buffer solution resulted in colloidal stability,
and therefore the catalytic activity of the pep–AuNPs was enhanced. This was attributed
to the small conformational changes which facilitate the mobility of the reactants as well
as the structural flexibility of the active site. The methodology described in this study
presents the advantages of a novel and promising immobilized organocatalyst, which might
be beneficial for other asymmetric reactions, and could also be applied to other systems.
Further modifications to increase the scope of tolerance and improve the catalytic efficiency
of the pep–AuNPs catalyst are under investigation, and studies involving mechanistic
analyses of the peptide–AuNP conjugates will be reported soon.

The efficiency (yield = 15–85%; ee ≤ 94%) of the catalyst presented in this study is
comparable to some catalysts reported in the literature, by Wennemer and coworkers (yield
= 30–99%; ee ≤ 96%) [30], Wu et al. (yield = 3–97%; ee ≤ 99%) [86], Reiser and coworkers
(yield = 36–98%; ee ≤ 95%) [69] and Alves et al. (yield = 7–62%; ee ≤ 86%) [87]. The Au-
immobilized catalyst is a low-loading catalyst that produces aldol products with moderate
yields and considerable enantioselectivity. While appreciating the outstanding advances
in this field, we believe this work presents insight into the design of enzyme mimics and
catalyst immobilization.
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