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Selective separation of amino acids and proteins is crucial in various areas of research, including pro-
teomics, protein structure and function studies, protein purification and drug development, and biosens-
ing and biodetection. A nanocomposite film is formed by combining layer-by-layer self-assembled gold
nanospheres (AuNPs) driven by cucurbit[7]uril (CB[7]) and polymethyl methacrylate (PMMA) film. Due to
the host-guest interactions, the selective transmission of L-tryptophan in the nanocomposite film is con-
firmed by the current-voltage measurements using a picoammeter. Furthermore, by adjusting the particle
size of AuNPs to increase channel size, lysozyme containing multiple tryptophan residues can selectively
pass through the nanocomposite film, indicating the high versatility and adaptability of the nanocompos-
ite film. This study will provide a new direction for the selective separation of amino acids and proteins.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Amino acids and proteins are the essential substances used to
maintain life-sustaining activity, and they are widely involved in
various complex life activities in living organisms through trans-
membrane transportation [1-4]. It is more cost-effective for hu-
mans to take in essential amino acids and proteins from the out-
side than to produce them in the body [5-7]. Therefore, explor-
ing and studying the transmembrane transportation of amino acids
and proteins will promote healthy food choices, provide technical
support in separating and purifying substances, and further deepen
the understanding of life activities [8-10].

As a common mode of material transportation in a living body,
transmembrane transportation is realized by the protein channels
embedded in the cell membrane, which can identify and transmit
various substances with high selectivity [11-13]. However, protein
channels and biofilms with complex structures are unstable and
easily damaged, limiting their wide-ranging applications. Recently,
many nanofilms have been reported for selective separation of
amino acids or proteins [14-18]. Supramolecular macrocycles, such
as cucurbituril and pillararene, are selected as film-making materi-
als because of their unique cavity structures and molecular recog-
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nition properties [19-25]. Through self-assembly of the macrocy-
cles, these nanofilms with excellent separation and detection per-
formance have simple preparation procedures. However, the size
of the channels in the nanofilms cannot be easily adjusted to facil-
itate the passage of different-sized bioactive substances, leading to
poor generalizability in selective separation [26].

Herein, AuNPs were layer-by-layer, self-assembled driven by
CB[7], and fixed with the spin coating of polymethyl methacry-
late (PMMA) to form a nanocomposite film (Scheme 1). In the
nanocomposite film, CB[7] acted as a "glue" between gold nanopar-
ticles, facilitating the connection between the layers of gold
nanoparticles. Through the current-voltage (I-V) measurements us-
ing a picoammeter, the selective transmission of L-tryptophan in
the nanocomposite film has been confirmed. Moreover, lysozyme
can selectively pass through the nanocomposite film by adjusting
the particle size of AuNPs in the assembly. The nanocomposite film
exhibited wide versatility in the selective transport of amino acids
and proteins by simply adjusting the size of AuNPs.

In order to effectively assemble the AuNPs, circular silicon
wafers with a diameter of 3cm were selected as the substrates
with some modifications. First, the surfaces of silicon wafers
were subjected to NaOH (0.1 mol/L) and HNO3 (0.1 mol/L) so-
lutions for surface hydroxylation [27]. Second, 3-mercaptopropyl
trimethoxysilane was attached to silicon wafers by soaking them
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Strategy: Electrostatically induced layer-by-layer assembled doped films of CB[7]
and AuNPs selectively facilitate the transmission of L-tryptophan and lysozyme
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Scheme 1. The construct of the film for selective transport of L-tryptophan and
lysozyme.
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Fig. 1. (a) Schematic representation of the synthesis of a nanocomposite film via
combining layer-by-layer self-assembled AuNPs driven by CB[7] and PMMA film.
(b) Energy dispersive spectroscopy (EDS) spectra of the nanocomposite film. (c) X-
ray photoelectron spectroscopy (XPS) spectra of the nanocomposite film and PMMA
film.

for 12 h. So, the contact angle values changed from 46.5° to 32.9°
(Fig. S2 in Supporting information) due to the reduction of the hy-
drophilic hydroxyl groups, indicating the successful modification of
3-mercaptopropyl trimethoxysilane [28].

After a series of surface modifications, the prepared AuNPs with
an average size of ~8 nm were modified firmly on the surface of
the substrates through the Au-S bond [29-31]. The modification of
AuNPs led to an increase in the hydrophilicity of the substrates
and a corresponding decrease in the contact angle. Then, silicon
wafers were submerged in 20 mL of CB[7] solution (1 mmol/L), and
CB[7] was adsorbed onto the surface of AuNPs via the carbonyl
oxygens at one end, causing a decrease in the contact angle. The
carbonyl oxygens at the other end provide a large number of at-
tachment sites for the assembly of AuNPs on the next layer. Re-
peating this process 3 more times, the 4-layer self-assembly of
AuNPs was obtained with the alternate modification of AuNPs and
CB[7]. From Fig. S2, a continuous decrease in the contact angle val-
ues clearly illustrated the assembly formation. Finally, polymethyl
methacrylate (PMMA) was evenly applied to the substrate surfaces
with a spin coating device (Fig. S1 in Supporting information).
The nanocomposite film with layer-by-layer self-assembled AuNPs
driven by CB[7] was successfully fabricated.

Compared to the PMMA film without the AuNPs, the nanocom-
posite film exhibited not only the elemental peaks of Au
4f (84.74eV) in the X-ray photoelectron spectroscopic analysis
(Fig. 1c) but also the new element peak of N 1s (399.52eV) and
S 2p (163.14ev), which was derived from the nitrogen and sulfur
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Fig. 2. The I-V curves of L-proline (L-Pro), L-threonine (L-Thr), L-valine (L-Val), L-
leucine (r-Leu), and L-tryptophane (L-Trp) at different concentrations of 10 mmol/L
(a) and 100 mmol/L (b). The histogram of current change rates is at —2V with dif-
ferent concentrations of 10 mmol/L (c) and 100 mmol/L (d).

elements in CB[7] and 3-mercaptopropyl trimethoxysilane respec-
tively (Fig. S4 in Supporting information) [32,33]. Similarly, these
three elements were shown on the elements energy dispersive X-
ray spectroscopy (Fig. 1b). These results proved that the nanocom-
posite film did contain AuNPs and CB[7]. To gain further visual in-
sight into the nanocomposite film, scanning electron microscope
(SEM) measurements were carried out (Fig. S6 in Supporting in-
formation). The small-sized AuNPs stacked together and agglomer-
ated, indicating the formation of assemblies driven by CB|[7].

The current-voltage (I-V) characteristics were selected to detect
the selectivity and transmission of amino acids in the nanocom-
posite film by a Keithley 6487 picoammeter. A solution of each
amino acid (rL-leucine, L-threonine, L-valine, L-proline, and L-
tryptophan) was prepared with 1 mol/L KCI and 0.03 mol/L PBS (pH
7.0) on both sides of the nanocomposite film, which was fixed in
the middle of an electrolytic cell. As amino acids in the electrolytic
cell were transferred through the nanocomposite film, transmem-
brane currents changed accordingly. In Fig. 2a, only the transmem-
brane current of L-tryptophan has been significantly reduced at
a concentration of 10 mmol/L. Considering the influence of amino
acid concentrations, 10-fold greater concentrations were assayed
(Fig. 2b). The same results demonstrated that the nanocomposite
film was selective for L-tryptophan over other amino acids. More-
over, current change rates also illustrated the selective transport of
L-tryptophan (Figs. 2c and d).

The transmitted flux across the nanocomposite film has been
investigated to investigate further this selective transport of the
amino acids in the nanocomposite film. When 1.5mL of each
amino acid (0.5 mmol/L) was added to one side of the nanocom-
posite film separately, the other side without amino acid, served
as a control group, was taken every 30 min and examined for flu-
orescence. Based on the standard curve for concentration vs. fluo-
rescence intensity, the concentration of each amino acid was cal-
culated from the fluorescence intensity in Fig. S7 (Supporting in-
formation). Then, the linear relationship between the amino acid
transmission flux and time (Fig. S7) can be obtained by the trans-
mission volume calculation formula (Eq. S1 in Supporting informa-
tion). The transmitted fluxes of L-leucine, L-threonine, L-valine, L-
proline, and L-tryptophan were 0.0116, 0.0131, 0.0112, 0.0107, and
0.0251 nmol cm~2 min~!, respectively. The selectivity coefficients
of L-tryptophan relative to other amino acids in the nanocompos-
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Fig. 3. The I-V curves of bovine serum albumin (BSA), cytochrome ¢ (Cy C), and
lysozyme (Lys) at different concentrations of 10 mmol/L (a) and 100 mmol/L (b). The
histogram of the current rate of change is at —2V with different concentrations of
10 mmol/L (c) and 100 mmol/L (d).

ite film were a(Trp/Leu)=2.16, (Trp/Thr) =1.92, o¢(Trp/Val) =2.24,
and «(Trp/Pro) = 2.35. Thus, this data visually illustrated the selec-
tive transmission of L-tryptophan in the nanocomposite film.

To account for the selectivity of the nanocomposite film, the
host-guest interactions between CB[7] and these amino acids were
considered. The formation of the host-guest complex was deter-
mined by the molar ratio method (Fig. S8 in Supporting infor-
mation). As the concentration of CB[7] increased, the absorbance
of the complex was constantly decreasing, indicating that L-
tryptophan has entered into the cavity of CB[7] with a molar ratio
of 1:1. In addition, amino acids with aromatic side chains, such as
tryptophan, have a stronger binding with CB[7] among these amino
acids [34]. These studies showed that CB[7] not only derived the
self-assembly of the AuNPs, but also influenced the selectivity of
the nanocomposite film through the host-guest interactions.

Based on the mechanism of the selective transmission of L-
tryptophan in the nanocomposite film, proteins composed of mul-
tiple amino acids were introduced to transport experiments across
the nanocomposite film. Unlike amino acids, proteins display a
larger spatial structure, which puts elevated demand on the chan-
nels in the nanocomposite film. To obtain the greater gaps formed
between the AuNPs, the bigger AuNPs with an average size of
~14nm were pre-prepared to form a nanocomposite film follow-
ing the same procedures. During the stacking process, these spher-
ical AuNPs did not tightly bond together, but rather form loosely
arranged gaps between them, which were correlated with the size
of the particles. Therefore, under a loose arrangement, the larger
the gold nanoparticles, the larger the gaps formed.

Using KCl (0.1 mol/L) and PBS (0.03 mol/L, pH 7.0) as an elec-
trolyte solution, lysozyme, bovine serum albumin, and cytochrome
¢ were chosen for the transport experiments. From Fig. 3, the
transmembrane current of lysozyme exhibited a significant de-
crease at different concentrations of 10 mmol/L and 100 mmol/L,
demonstrating that lysozyme was easier to pass the nanocompos-
ite film. To better discuss the changes in the transmembrane cur-
rent, current change rates were measured at an applied voltage
of —2V. The maximum current change rate of lysozyme further
illustrated the selectivity of lysozyme in the nanocomposite film
(Figs. 3c and d). Moreover, a substantial decrease in the transmem-
brane current of lysozyme was also observed in the transport ex-
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Fig. 4. The I-V curves of bovine serum albumin (BSA), cytochrome ¢ (Cy C), and
lysozyme (Lys) at a concentrations of 10 pmol/L using an electrolyte solution
(0.1mol/L KCI and 0.01 mol/L PBS, pH 7.2) in the transport experiments utilizing
the PMMA film (a) or the nanocomposite film (b).

periments utilizing the nanocomposite film (Fig. 4). As a control,
the transmembrane current of lysozyme, bovine serum albumin,
and cytochrome ¢ had no significant change when passing through
the PMMA film. These results further illustrated the selective trans-
port of lysozymes in the nanocomposite film. The transport selec-
tivity of nanocomposite film did not arise from different interac-
tion affinities between the film and amino acids/proteins.

In addition, the transmitted fluxes of these proteins were calcu-
lated in the transport experiments. From Fig. S9 (Supporting infor-
mation), the ultraviolet absorbance of lysozyme increased rapidly
over time. Relatively, the ultraviolet absorbances of bovine serum
albumin and cytochrome c increased slowly. The transmitted fluxes
of lysozyme, bovine serum albumin, and cytochrome c were 8.94,
5.11, and 4.99nmol cm~2 h~!, respectively. Lysozyme has six tryp-
tophan residues, while bovine serum albumin and cytochrome c
have only two and one, respectively [35,36]. The presence of tryp-
tophan residues greatly enhanced the selective transmission of
lysozyme in the nanocomposite film through host-guest interac-
tions. Similarly, the selectivity coefficients of lysozyme relative to
bovine serum albumin and cytochrome c were o(Ly/BSA)=1.74,
o(Ly/Cy C)=1.79, illustrating that the selectivity for lysozyme in
the nanocomposite film was related to the tryptophan residues.

In conclusion, a nanocomposite film with layer-by-layer self-
assembled AuNPs driven by CB[7] was successfully prepared.
Due to the strong host-guest interaction between CB[7] and L-
tryptophan, L-tryptophan was selectively transported across the
nanocomposite film. The transmission rates of L-tryptophan were
much greater than those of L-leucine, L-threonine, L-valine, and L-
proline. Furthermore, the selective transport of lysozymes contain-
ing multiple tryptophan residues was also achieved by assembling
the larger-sized AuNPs. This study provides a new strategy for the
transmission and separation of bioactive substances and furthers
our understanding of transmembrane transport in organisms.
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