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A B S T R A C T   

Here, we present a new family of hierarchical porous hybrid materials as an innovative tool for ultrasensitive and 
selective sensing of enantiomeric drugs in complex biosamples via chiral surface-enhanced Raman spectroscopy 
(SERS). Hierarchical porous hybrid films were prepared by the combination of mesoporous plasmonic Au films 
and microporous homochiral metal-organic frameworks (HMOFs). The proposed hierarchical porous substrates 
enable extremely low limit of detection values (10− 12 M) for pseudoephedrine in undiluted blood plasma due to 
dual enhancement mechanisms (physical enhancement by the mesoporous Au nanostructures and chemical 
enhancement by HMOF), chemical recognition by HMOF, and a discriminant function for bio-samples containing 
large biomolecules, such as blood components. We demonstrate the effect of each component (mesoporous Au 
and microporous AlaZnCl (HMOF)) on the analytical performance for sensing. The growth of AlaZnCl leads to an 
increase in the SERS signal (by around 17 times), while the use of mesoporous Au leads to an increase in the 
signal (by up to 40%). In the presence of a complex biomatrix (blood serum or plasma), the hybrid hierarchical 
porous substrate provides control over the transport of the molecules inside the pores and prevents blood protein 
infiltration, provoking competition with existing plasmonic materials at the limit of detection and enantiose
lectivity in the presence of a multicomponent biomatrix.   

1. Introduction 

Mesoporous materials have attracted considerable attention in 
recent years. Their excellent performance is a result of a large surface 
area and abundant catalytic active sites. In particular, crystalized mes
oporous metallic materials have many low-coordinated atoms, which 
are catalytically active and efficiently exposed on concave pore archi
tectures (Iqbal et al., 2020; Kani et al., 2021). To date, various appli
cations, including biomedicine (Wang, 2009), heterogeneous catalysis 

(Øye et al., 2006), and sensing (Wang et al., 2018), have been reported. 
Mesoporous materials composed of noble metals are very attractive in 
current science and technology because they exhibit high electrical 
conductivity and high chemical stability. Moreover, owing to 
three-dimensional (3D) intertwined porous structures consisting of 
rounded tips, mesoporous Au structures have shown high potential for 
surface-enhanced Raman spectroscopy (SERS) with an enhancement 
factor varying from 105 to 107 (Li et al., 2015; Lim et al., 2020b). 
However, the critical issue that requires attention is the low 
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selectivity/specificity of molecular adsorption in these pores. The 
introduction of an additional functional layer can further increase the 
selectivity of specific adsorption in the pores and also provide control 
over the transport of the target molecules inside the pores, preventing 
undesired adhesion (Clair and De Oteyza, 2019; Sosa-Vargas et al., 
2017). 

The above strategy can be beneficial for SERS, where prefiltration by 
functional pores allows isolation of the target analyte from the complex 
mixture at the nanoscale level, leading to enhanced sensing selectivity 
(Innocenzi and Malfatti, 2019; Restaino and White, 2019). To date, 
plasmonic nanoparticles (NPs), such as spheres, nanorods, 
multi-branched structures, and films coated with mesoporous silica 
shells (as a dielectric porous medium), have demonstrated applicability 
for the sensing of different dyes, such as rhodamine 6G (R6G), rhoda
mine B, crystal violet, and methylene blue (Gao et al., 2016; Innocenzi 
and Malfatti, 2019; Lin et al., 2015). Potentially, porous silica-coated 
NPs can provide a high surface area for analyte entrapping, a high 
enhancement factor (EF), and control of the hot spot distribution 
(Innocenzi and Malfatti, 2019). However, such SERS applications with 
mesoporous materials encounter a few significant obstacles for sensing 
relevant analytes: (i) the relatively long distance (due to the thick silica 
shell) from the adsorbed analyte to the plasmonic surface considerably 
limits the sensitivity; (ii) despite the silica coating, there is a risk of 
uncontrolled aggregation of the NPs, which limits the reproducibility; 
and (iii) selection of target molecules is based solely on their size, which 
leads to insufficient selectivity. 

Overcoming these limitations can fulfill the requirements of func
tional, selective, and sensitive SERS substrates. The aforementioned is
sues can be solved through the functionalization of the mesoporous Au 
surface and attachment of an additional functional layer, such as metal 
organic frameworks (MOFs). MOF films provide nanoporous function
ality via a periodic network structure formed by metal ions and organic 
ligands. MOFs have proven their superiority in various applications, 
including sensing (Bilal et al., 2019; Marpaung et al., 2019; Zhang et al., 
2020), where, depending on the nature of the metal species and ligand 
structures, extremely high selectivity of adsorption can be achieved (Liu 
et al., 2012; Miliutina et al., 2019). When using chiral ligands, the MOF 
structure becomes homochiral (HMOFs) and provides an opportunity for 
enantioselective adsorption of chiral analytes and their chemical 
recognition (Lu et al., 2019). The potential for modifying mesoporous 
plasmonic films with functional MOFs has prompted new interest in 
applying such MOFs for enantioselective SERS sensing. 

Here, we propose a new class of hierarchical porous Au films, which 
consist of mesoporous Au with HMOF grown inside the pores, which is 
extremely appealing for enantioselective SERS in complex biomatrix 
media. As a functional layer, the HMOF film is based on the chiral ligand 
(alanine derivative) and abbreviated as L/D-AlaZnCl (Pan et al., 2015) 
(Fig. 1, S2). Consequently, we report a porous SERS sensor showing high 
potential for the chiral detection of regulated neurotransmitters, where 
pseudoephedrine was used as an example (Sun and Zhang, 2020). To 
demonstrate the advantages of hierarchical porous Au films, we also 
study the applicability of L/D-AlaZnCl for biosensing in blood serum and 
plasma. We demonstrated the advantages of developed sensing system 
for the analysis of pseudoephedrine in complex multi-component 
samples. 

2. Results and discussion 

2.1. Surface-assisted growth of L/D-AlaZnCl on mesoporous Au 

The initial mesoporous Au films were prepared by a soft-templating 
method using self-assembled micelles of diblock copolymers, poly
styrene-block-poly(ethylene oxide), and electrochemical deposition (Li 
et al., 2015). The prepared films (thickness of 150 nm) had uniform 
mesopores with a mean size of 26.2 nm and a standard deviation of 5 nm 
(Fig. 2a and S3a,c). The homogeneous distribution of the pores over the 

entire Au-deposited area of the film is expected to provide interesting 
plasmonic properties. It has previously been demonstrated that these 
mesoporous structures exhibit propagating surface plasmon polaritons 
(SPPs) along with intertwined metal structures and localized surface 
plasmon resonance (LSPR) within its interconnected porous framework 
and at the round tips (Rao et al., 2017). To prepare the hierarchical 
porous film, surface-assisted growth of the nanoporous HMOF AlaZnCl 
was performed via the modification of Au using 4-carboxybenzenediazo
nium tosylate to allow adsorption of nucleation centers to enable HMOF 
growth (Fig. 1, S1, S2). 

The 4-carboxyphenyl groups were grafted by soaking the meso
porous Au films in a freshly prepared 3 mM solution of the corre
sponding salt. Diazonium chemistry was used as an attractive alternative 
to thiol chemistry because covalent Au–C bonds are stronger than Au–S, 
as the binding energy is higher by 14.2 kJ mol− 1 than that of the thiol 
(Guselnikova et al., 2017; Kalachyova et al., 2017). (see SI, Fig. S1). It is 
known that electron transfer from Au to the diazonium cation leads to 
the attachment of the 4-carboxyphenyl group on the Au surfaces 
(Mesnage et al., 2012). (see Fig. S1 and related discussion). The 
deposited groups serve as linkers for the subsequent surface-assisted 
nucleation and growth of AlaZnCl (Miliutina et al., 2019), consisting 
of Zn2+ and alanine-containing ligands (Pan et al., 2015). Further, we 
slightly modified the vapor-assisted conversion (VAC) method of MOF 
growth (Virmani et al., 2018) and applied it to the deposition of two 
types of HMOF with opposite chirality (L-AlaZnCl and D-AlaZnCl) using 
different enantiomers of the chiral ligand (Fig. S2 and related discus
sion). We performed VAC growth of HMOF by the deposition of a drop of 
a mother liquid in the presence of ethanol vapors and heating of the 
reaction vessel, leading to two types of films: Au-L-AlaZnCl and 
Au-D-AlaZnCl. 

2.2. Surface characterization of Au-L/D-AlaZnCl 

The morphology of the as-prepared Au-L/D-AlaZnCl was character
ized by scanning electron microscopy (SEM). The SEM image of the top 
surface (Fig. 2a) of the Au film showed homogeneous mesopores with a 
diameter of 26.2 nm (Fig. S3a,c). Atomic force microscopy (AFM) also 
demonstrated surface roughness with a root mean square roughness 
(Rq) of 6.5 nm (Fig. 2c). After the surface-assisted growth of AlaZnCl, 
the surface morphology was dramatically changed, and the initial 
structure was covered by nanoporous HMOF, although it still retained its 
mesoporous structure (Fig. 2b and S3b). The evaluation of the pore-size 
distribution showed a decrease in the pore diameter to ~18.2 nm due to 
the filling of the pores by the HMOF (Fig. S3d). The difference in the 
diameter of the pores between pristine and modified Au films (Fig. S3b, 
d) showed that the maximum effective thickness of the AlaZnCl film was 
4 nm on each side of the pore walls, which is consistent with the XPS 
results (Table S1 and related discussion). The attenuation of the Au 4f 
signal after HMOF deposition was used to calculate an average HMOF 
thickness of 3.3 nm, assuming an XPS spot size of 200 μm2. In addition, 
AFM analysis showed the appearance of additional morphological fea
tures (with a size of 1.2 nm according to (Kundu et al., 2013)) due to the 
nanoporous film deposition (Fig. 2c and d), leading to an increase in Rq 
to 7.3 nm. The changes in the nanoscale features were clearly observed 
in our high-magnification AFM images (Fig. S4a,b). As additional 
confirmation of AlaZnCl film growth, we evaluated the blockage of the 
ferrocyanide/ferricyanide redox probe on the Au surface. The voltam
mogram measured on the pristine Au grating showed typical reduction 
and oxidation behavior of a diffusion-controlled redox couple (Fig. S4c). 
After AlaZnCl growth, the peaks became less pronounced. Moreover, the 
electrochemically active surface areas (ECSAs) were calculated by CV in 
an acidic medium using 0.5 M H2SO4 (Fig. S4d) (Lim et al., 2020a). The 
ECSA of the pristine mesoporous Au film was 2.87 cm2 (per 1 cm2 of 
geometrical substrate area), while after the growth of AlaZnCl on the Au 
surface, the ECSA decreased to 1.69 cm2/cm2. The observed suppression 
of the peak intensity (Fig. S4c) and a decrease in ECSA (Fig. S4d) are 
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explained by partial surface blocking due to the formation of the 
AlaZnCl film, while the remaining uncoated Au surface was still elec
trochemically active owing to the porous structure of the HMOF. 

The representative optical reflectance spectra were measured from 
the mesoporous Au film before and after AlaZnCl deposition (Fig. 3a). 
The formation of the AlaZnCl layer resulted in the broadening of the 
plasmon resonance peak and a redshift (from 705 nm to 712 nm) due to 
the change in the dielectric constant of the medium surrounding the 
plasmon-active mesoporous Au. The crystallinity of the formed AlaZnCl 
was investigated by X-ray diffraction (XRD) (Fig. 3c). The XRD peaks at 
5.8, 11.6, 17.3, and 18.3◦ indicate the presence of AlaZnCl film on the 
surface, confirming the formation of the MOF layer with good crystal
linity (i.e., ordered and regular porous structure) (Kundu et al., 2013; 
Pan et al., 2015) (Fig. 3c). The existence of the main characteristic peaks 
(5.8, 11.6, 17.3◦) in the XRD pattern indicates the formation of a 
homochiral AlaZnCl crystalline film with a previously reported pore size 
of 1.2 nm (Kundu et al., 2013; Pan et al., 2015). XPS evidence of AlaZnCl 
growth is provided by the appearance of characteristic peaks of Zn 2p at 
1022.8 and 1047.8 eV and N 1s at ~400 eV (Fig. 3b), which is consistent 
with the formation of Zn-containing MOF (Guselnikova et al., 2019). 
Additionally, the masking of the Au 4f signal with the simultaneous 
increase of C 1s is due to the coating of Au with the L-AlaZnCl film 
(Table S1). 

The as-prepared Au and Au-L/D-AlaZnCl films were investigated by 
Raman spectroscopy with an excitation laser wavelength of 785 nm 
(Fig. S5a and related discussion). Au does not produce any significant 
Raman signal (Fig. 3d). After diazonium modification, new peaks cor
responding to 4-carboxyphenyl groups appeared (Table S2) (Liu et al., 
2012). After the deposition of AlaZnCl, the intensity of the spectra was 
amplified by 2–3 times and sharp peaks corresponding to the AlaZnCl 
powder were observed (Table S2). The results of the microscopy and 
spectroscopy studies confirmed the growth of the L/D-AlaZnCl film on 
the mesoporous Au film with the formation of hierarchically porous 
structures. 

We performed further SERS measurements to understand the Raman 
signal enhancement mechanism and quantified the EF of the as-prepared 
Au film, L-AlaZnCl, and Au-L-AlaZnCl using the standard Raman probe 
R6G (see Fig. S5a, b and related discussion). To prevent the pre
concentration effect of the porous MOF and the increased surface area 
after MOF deposition (which can lead to incorrect EF values), we used 
the drop deposition method to calculate the EF values. We found that 
mesoporous Au enhances the Raman signal at 1345 cm− 1 by 0.25 × 107 

times compared to Si, corresponding to previously reported results for 
analogue substrates (Li et al., 2015; Lim et al., 2020b), while AlaZnCl 
deposition increased EF by approximately one order of magnitude (to 
108) (Fig. S5b). This increase confirms that the AlaZnCl deposition on a 

Fig. 1. Schematic diagram showing the preparation of hierarchical porous AlaZnCl-Au films.  

Fig. 2. (a, b) SEM images and (c, d) AFM images of (a, c) mesoporous Au and (b, d) hierarchical porous Au-L-AlaZnCl films.  
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mesoporous Au film leads to a significant increase in Raman signal in
tensity and makes the mesoporous Au film with the MOF even more 
attractive for SERS applications. The additional enhancement is 
explained by the contribution to SERS through the chemical mechanism 
provided by the HMOF. The application of MOFs for the enhancement of 
the SERS signal has been reported recently by various groups (Huang 
et al., 2020; Lai et al., 2020; Yu et al., 2013). Although the effect is still 
unclear, it is reasonable to consider charge transfer mechanism based on 
previous literature(Huang et al., 2020; Lai et al., 2020; Yu et al., 2013). 
We hypothesized that the enhancement of the signal can be associated 
with ground-state charge transfer between R6G (or another analyte) and 
HMOF structural units. The formation of a charge-transfer complex led 
to a decrease in the highest occupied molecular orbital and lowest un
occupied molecular orbital gap and easier excitation. Chemical 
enhancement is combined with the physical enhancement of meso
porous Au (electric-field resonance by localized surface plasmon reso
nance), which results in a high final performance of the designed hybrid 
structures (Guselnikova et al., 2020). 

2.3. SERS activity of Au-L/D-AlaZnCl 

The AlaZnCl HMOF has already been shown to selectively capture 
pseudoephedrine (PE), which is a family of monoamine neurotrans
mitters (Pan et al., 2016). PE can serve as a drug with one enantiomeric 
form, in which the presence and conformation need to be strictly 
monitored (Pan et al, 2015, 2016). Stereoisomeric profiling is of vital 
importance because different stereoisomers of ephedrine differ signifi
cantly in potency, where (− )-pseudoephedrine has much higher stimu
lant properties than (+)-pseudoephedrine (Rice et al., 2018). 
Additionally, PE has a high structural similarity to amphetamine and can 
be a precursor for methamphetamine (Freeman and Alder, 2002), which 
is restricted in most countries. 

Further, we tested the prepared Au-L/D-AlaZnCl for the sensing of 
enantiomers of PE. According to a previous report on (+)-PE (Rice et al., 

2018), which is a toxic enantiomer, it can be selectively adsorbed by 
L-AlaZnCl via molecular recognition mechanism, while (− )-PE enan
tiomer is dominantly recognized by D-AlaZnCl. To test the enantiose
lectivity of entrapping by surface-grown HMOF layers (Fig. 4a), we 
immersed Au-L-AlaZnCl in 10− 6 M enantiopure solutions of both enan
tiomers for 40 min, followed by SERS measurements (Guselnikova et al., 
2020). No spectral difference was detected after immersion in (− )-PE 
(Fig. S6), while new sharp peaks at 1586, 1292, 972, 810, 680, and 474 
cm− 1 appeared after (+)-PE selective adsorption by Au-L-AlaZnCl 
(Table S3). Therefore, we performed sensing of the model solutions of 
(+)-PE in the concentration range from 10− 6 M to 10− 15 M (Fig. 4b) on 
Au-L-AlaZnCl. 

The intensity of the SERS peaks increased with increasing initial PE 
concentration. The most intense peak at 972 cm− 1 (C–O stretch and C–H 
bend vibrations) was chosen to evaluate the relationship between the 
SERS response and PE concentrations on a logarithmic scale (Fig. 4c). 
The linear fit shows an excellent relationship with a correlation coeffi
cient of 0.993. Subsequently, we calculated the limit of detection (LOD) 
of the proposed enantioselective PE discrimination. According to IUPAC 
recommendations, the minimally acceptable signal intensity must be 
three times greater than the background signal deviation (Guideline 
validation of analytical procedures: text and methodology q2(r1), 1995); 
hence, the LOD could be as low as 10− 14 M (Fig. 4c). In the case of 10− 15 

M of (+)-PE, the SERS spectrum was very similar to that of Au-L-AlaZn 
and did not provide a pronounced signal (Fig. S7). We also tested L- 
AlaZnCl films to detect (− )-PE; however, the resulting SERS signal at 
972 cm− 1 demonstrated a low intensity (Fig. S6). Therefore, it is evident 
that Au-L-AlaZn is selective towards (+)-PE sensing with ultra-high 
sensitivity up to femtomolar concentrations. Analogous experiments 
were performed with Au-D-AlaZnCl, and the corresponding concentra
tion dependency is shown in Fig. 4d. The peaks of (− )-PE were registered 
up to a concentration of 10− 14 M, while no entrapping of (+)-PE was 
observed for Au-D-AlaZnCl, even at relatively high concentration of 
10− 6 M (Fig. S6). The obtained LOD values for both enantiomers are 

Fig. 3. Characterization of mesoporous Au and hierarchical porous Au-L-AlaZnCl films: (a) Optical reflectance spectra, (b) XPS survey (inset: high resolution at Zn 2p 
peaks), (c) XRD spectra, (d) SERS spectra of Au, Au–COOH, Au-L-AlaZnCl, and L/D-AlaZnCl (powder). 
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extremely low for use as sensing devices for banned substances. The high 
sensitivity can be explained not only by the dual physical and chemical 
enhancement but also by selective preconcentration by porous HMOFs. 

Moving beyond the detection of a single model analyte, we proved 
the applicability of the proposed hierarchical plasmonic platform for 
enantiomer mixture recognition. We tested a mixture containing 10− 8 

and 10− 6 M of (+) and (− ) -PE on both Au-L-AlaZnCl and Au-D-AlaZnCl 
substrates. The measured intensity of the SERS peak at 972 cm− 1 is 
presented in Table S4 and used as a basis for quantitative estimation of 
the enantiomeric composition without their preliminary chiral separa
tion (using the calibration curves from Fig. 4c and d). By comparing the 
real and calculated concentrations, it can be seen that the enantiospe
cific quantification of the PE concentration is easily achieved within one 
order of magnitude accuracy even in the presence of the opposite 
enantiomer. 

2.4. Analysis of mixtures with BSA: discriminating the impact of meso- 
and nanopores 

In the analysis of real samples containing neurotransmitters such as 
PE, the presence of a biomatrix is a major impediment to SERS detection 
(López-Puente et al., 2013). Furthermore, a number of thiol-containing 
biomolecules can be strongly adsorbed onto the Au surface, leading to 
the appearance of additional peaks and making SERS measurements 
useless. We suggest that the hierarchical structure of Au-L/D-AlaZnCl in 
combination with the chiral channels in the MOF structure provides 
control over the transport of the molecules inside the SERS-active pores 
(Fig. 5a) and selective chemical recognition of target analytes. Namely, 
the diffusion of small molecules with high affinity to AlaZnCl into the 
pores is preferable, while the AlaZnCl film should not entrap macro
molecules (molecule size > pore size) from solution. To verify this hy
pothesis, we compared the analytical performance of Au-L-AlaZnCl for 
(+)-PE (10− 8 M) mixed with bovine serum albumin (BSA) as a simplified 
biological medium (Fig. 5b). Without BSA, the spectra of Au-L-AlaZnCl 
show an intensity of 668 of the characteristic peak of (+)-PE with a high 
signal-to-noise ratio (SNR) of 180.5 (entry 1). Analysis of the 
(+)-PE/BSA mixture showed a slight decrease in peak intensity to 652 
and SNR (entry 2) in comparison with entry 1. However, we observed no 
new major peaks (Fig. S8), such as those that could arise due to BSA 
adsorption (Table S5), which confirmed the discriminating function of 

the surface. 
To obtain the observed preselection phenomena, we compared the 

analytical performance of the pristine mesoporous Au without an 
AlaZnCl layer and a non-porous Au plasmonic grating with and without 
coating by nanoporous AlaZnCl. The results of these experiments pro
vide the contribution of each part of Au-L/D-AlaZnCl to the analytical 
performance. 

In the case of analysis of (+)-PE/BSA using mesoporous Au without 
an additional MOF layer (entry 3 in Fig. 5b), the resulting SERS spectra 

Fig. 4. Characterization of the SERS functionality. (a) Schematic illustrations of enantiomer detections. (b) SERS spectra of Au-L-AlaZnCl before and after entrapping 
(+)-PE (from solutions with various concentrations) and (c, d) the corresponding characteristic PE peak intensity (972 cm− 1) as a function of the enantiomers 
concentrations after their selective entrapping by (c) Au-L-AlaZnCl and (d) Au-D-AlaZnCl substrates. 

Fig. 5. (a) Proposed scheme of the filtering action of the surface hierarchical 
Au-AlaZnCl film and non-porous grating and the (b) corresponding effect of the 
AlaZnCl and porous Au film on SERS. 
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demonstrated a suppressed peak intensity of (+)-PE (at 972 cm− 1) to 
94% (or 17 times less consistent with EF calculations)- with reference 
value entry 2, while the major characteristic peaks broadened due to the 
appearance of BSA-related peaks. Moreover, the SNR of entry 3 
decreased to 61.7 compared with 163 (entry 2). To evaluate the 
contribution of mesoporous Au to the analytical performance of Au-L/D- 
AlaZnCl, we compared the observed SERS response with the response 
from plasmon-active Au grating (entry 4). These Au gratings are similar 
to mesoporous Au with an EF value of 0.9 × 106 (basic characterization 
is shown in Fig. S9). The analysis of (+)-PE/BSA demonstrated SERS 
spectra with a large number of peaks (Fig. S9), most of them masking 
characteristic PE peaks, making PE detection almost impossible because 
of the lowest SNR value of 20.2. The growth of AlaZnCl on the Au grating 
(entry 5) led to the sharpest SERS spectrum (Fig. S10) with SNR = 60.4; 
however, the intensity of the peak at 972 cm− 1 decreased by 38.6% 
compared to Au-L-AlaZnCl (entry 5). The comparison of the analytical 
performance of plasmonic substrates without nanoporous AlaZnCl and 
without mesoporous Au clearly confirmed the contribution of each 
component. The removal of AlaZnCl resulted in a strong suppression of 
SERS (by 17 times), while the substitution of mesoporous Au resulted in 
signal suppression up to 40% (entries 3 and 5). 

2.5. Determination of (+)-PE in human serum and blood plasma: 
possibilities and limitation of application for real biosensing 

Despite the outstanding results obtained for chiral sensing of (+)-PE, 
the applicability of the sensor strictly depends on selective recognition 
in biorelevant media. PE is commonly quantified in blood, plasma, or 
urine to monitor any possible performance-enhancing use by athletes, 
confirm a diagnosis of poisoning, or assist in a medicolegal death 
investigation (Kim et al., 2011; Mirmahdieh et al., 2012). Therefore, we 
tested the applicability of Au-L-AlaZnCl for the determination of (+)-PE 
in the blood plasma and serum, which are biofluids commonly used in 
diagnostics as an example of a complex biological matrix. 

In general, the poor sensitivity during blood analysis is due to signal 
interference from the blood components, and their strong interactions 
with noble metallic surfaces block plasmonic spots. Hence, lowering the 
nonspecific interactions and sorption of proteins, enzymes, hormones, 
and other blood components (Bonifacio et al., 2014) with metallic sur
faces results in an increase in the SERS-substrate sensitivity. We hy
pothesized that the hierarchical structure of the Au-L-AlaZnCl sensor can 
prevent these unspecific interactions as its surface has size- and 
chemical-specificity to PE, resulting in a reliable signal even in the 
complex biomatrix. 

First, we tested the interaction of human serum components with Au 
and Au-L-AlaZnCl to estimate the possible interference with the analyte 
signal. 20 μL of human serum was drop-deposited onto Au and Au-L- 
AlaZnCl surfaces and incubated for 30 min at 3 ◦C. For the pristine Au, 
the SERS spectra are characteristic of that of a serum dominated by 
protein bands, where the peaks at 761, 905, 1320, 1490, and 1650 cm− 1 

were attributed to tyrosine, C–H deformational vibrations, tryptophan, 
CH2 deformational vibrations, and β-helix in amide I, respectively (Kim 
et al., 2011; Li et al., 2013) (Fig. S11). However, no additional signifi
cant peaks appeared after incubation on AlaZnCl-coated Au. To examine 
the applicability of the complex biomixture analysis, we used Au-L-A
laZnCl for the sensing of (+)-PE in the human serum matrix. After in
cubation of Au-L-AlaZnCl with the 10− 8 M solution of (+)-PE in serum 
and subsequent washing with water and methanol, the resulting SERS 
spectra were almost identical to those shown in Fig. S8, confirming the 
functionality of the hierarchical structure (entry 6). The intensity of the 
peak at 972 cm− 1 decreased to 1.2% with the conservation of the SNR 
value. These results sufficiently verified the performance to justify 
further testing with more complex biomatrices. 

Undiluted blood plasma was used to prepare the next samples, rep
resenting a potentially greater sensitivity challenge for SERS (Phung 
et al., 2018; Sun et al., 2016). In contrast to serum, plasma contains a 

number of much larger biomolecules such as globulin (approximately 
27.4 × 16.6 × 6.3 nm) and/or fibrinogen (approximately 25.3 × 6.5 ×
53.5 nm) (Kenry et al., 2017) that can impede separation by the porous 
surface of Au-L/D-AlaZnCl and block plasmon-active sites (Li et al., 
2013; Phung et al., 2018; Sun et al., 2016). Another potential obstacle to 
efficient biosensing of PE is the presence of other drugs (Caraballo et al., 
1995; Lou et al., 2010). Therefore, we tested solutions of PE in citrated 
undiluted blood plasma in the presence of vancomycin (VN) (Fig. 6a). 
The composition of the analyzed samples was 10− 6 M VN in undiluted 
blood plasma and different amounts of (+)-PE from 10− 6 to 10− 12 M. 
Twenty microliters of the prepared suspensions were deposited on 
Au-L-AlaZnCl and analyzed by SERS. In the case of 10− 6 to 10− 10 M 
concentrations, the spectra did not show any peaks additional to those 
previously observed for PE (Fig. 6a). The most intense peak at 972 cm− 1 

was used for quantitative analysis according to the linear relation in 
Fig. 4c, and the obtained results accurately matched the values of the 
calibration curve and the experimentally added amount of (+)-PE. 

In the case of decreasing the concentration of (+)-PE to 10− 12 M, the 
peak at 972 cm− 1 was still well distinguished and was quantified with a 
value of 10− 12.4 M (LOD), while additional wide peaks appeared at 
1320, 905, and 761 cm− 1, which were attributed to competitive 
adsorption of plasma proteins (Li et al., 2013). The comparison of the 
resulting spectra with the Raman spectra of VN measured on Si wafers 
(Fig. S12) verifies the conclusion that the peaks are not related to the 
capturing of VN by MOF structures, but due to the considerable 
adsorption of blood plasma components. The qualitative analysis of PE 
at a concentration of 10–14 M was already beyond the LOD, evidenced by 
the calculated concentration being a few orders of magnitude lower than 
the experimentally added concentration (Fig. S13). Therefore, we 
defined the LOD of (+)-PE detection in undiluted blood plasma as 10− 12 

M, which is considered to be an excellent sensitivity in the presence of an 
additional drug. 

Further evaluation of the reproducibility of the developed sensor 
revealed that the analysis of (+)-PE in the concentration range of 10–6 to 
10–12 demonstrated that the relative standard deviation (RSD) of the 
SERS signal was 2.2% (for 10–6 M), 4.9% (for 10–8 M), 5.4% (for 10–10 

M), and 8.4% (for 10–12 M). RSD values lower than 10% are considered 
to be highly reproducible measurements in biosensing and forensic ap
plications (Muehlethaler et al., 2016). High reproducibility was 
observed, even in the case of extremely low picomolar concentrations, 
along with high sensitivity. The RSD values are sufficient for analytical 
analysis (Fan et al., 2020) within one order of magnitude and compa
rable to chromatographical methods (Odovic et al., 2017; Sardela et al., 
2011). 

For cross-validation of SERS sensor, the prepared samples were 
analyzed by gas chromatography (GC) according to (Odovic et al., 2017) 
(Fig. S14, S15 - calibration curve, and chromatogram, respectively). It 
should be noted that for the GC analysis, the additional step of pH 
adjustment and extraction by ethyl acetate (Odovic et al., 2017; Sardela 
et al., 2011) (and often derivatization) is commonly required, in contrast 
to the fast single-step SERS measurements. The excellent agreement of 
SERS-derived data with the GC results, as shown in Fig. 6b (except for 
picomolar concentrations close to the quantification limit of GC (Evans 
and Kasprzyk-Hordern, 2014)) within the range of one order of 
magnitude proves the applicability of hierarchical porous chiral SERS 
substrates for biosensing. Therefore, SERS sensing using Au-L-AlaZnCl 
can determine PE at concentration one order of magnitude lower than 
CG, achieving picomolar resolution even in the presence of large bio
molecules and other drugs. 

To demonstrate the power of the dual-enhancing properties of mes
oporous Au and nanoporous AlaZnCl, we prepared a multicomponent 
mixture containing 10− 10 M (+)-PE in undiluted blood serum in the 
presence of an opposite PE enantiomer and two other drugs (VN and 
omeprazole), which could penetrate the MOF pores. After pretreatment 
and extraction, the GC results of this mixture were unclear, and the 
peaks could not be assigned with certainty (Fig. S15b); hence, the 
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concentration of (+)-PE could not be estimated. In contrast to GC, the 
resulting SERS spectra showed a clearly distinguishable peak at 972 
cm− 1 (Fig. 6c), with an intensity corresponding to 10− 10.3 M. This 
confirms the applicability of the proposed SERS sensor for multicom
ponent biosamples with high enantioselectivity and sensitivity. 

2.6. Reproducibility of sensing with a complex biomatrix 

As previously noted, the presence of large biomolecules is likely to 
affect the sensitivity and reproducibility of SERS sensing due to possible 
blocking of the Au surface. The reproducibility of SERS signals is an 
extremely important feature of the SERS biosensing strategy. Therefore, 
after the quantitative analysis of PE in the presence of blood plasma, we 
studied the reproducibility of (+)-PE (10–8 M) sensing over the film 
surface. Au-L-AlaZnCl was incubated with 10–8 M (+)-PE and 10–6 M 
VN, and SERS spectra were collected. The homogeneity of (+)-PE cap
ture by Au-L-AlaZnCl was verified by SERS mapping. Fig. 7a shows a 
SERS map of the intensity of the 972 cm− 1 peak over an area of the 
sample of 1.0 × 1.0 mm2, while b shows the corresponding SERS spectra 
from the labeled map points. The obtained map showed quite homo
geneous distribution of the peak intensity over the area of interest. The 
RSD of the Raman signals calculated from the SERS map was 4.9%. 
Moreover, the reliability of the SERS biosensor was evaluated via SERS 
spectra collection from five different substrates; ten spectra were 
collected from each substrate to compare the mean signal intensity (at 
972 cm-1). As shown in Fig. 7c, the RSD of these values was 3.3%, which 
indicates good reproducibility and applicability for quantitative analysis 
(Fan et al., 2020). 

Previously reported analogue porous plasmonic systems mostly 
focused on the sensing of model analytes (dyes, phenanthroline, and 
thiols) not enantioselective sensing in the presence of large molecules, 

which is quite different from the actual requirements for bio- or 
environment-sensing of relevant analytes, (López-Puente et al, 2013, 
2015; Yue et al., 2018). These sensors mostly operate via size-exclusion 
separation, leading to 10− 7 M level sensitivity without use of a chemical 
recognition mechanism. The exceptional SERS performance of Au-L/
D-AlaZnCl can be explained by the high Raman signal enhancement 
derived from mesoporous Au, in addition to the critical role played by 
AlaZnCl. First, the AlaZnCl film increases the sensitivity by a chemical 
enhancement mechanism (Fig. 5a). Second, chemical recognition is 
determined by the internal chiral-recognition environment of AlaZnCl 
pores (channels or cavities), provided by the chiral architecture, ligand 
structures, and the metals (Guselnikova et al., 2020; Pan et al., 2015). 
Third, compared to the pore size of AlaZnCl (≈1.2 nm) (Kundu et al., 
2013; Pan et al., 2015), the diameter of PE (≈1 nm) is smaller; thus, PE 
might enter and move around the chiral channels, while large molecules 
such as BSA (≈ 280 nm) or other blood components cannot. Au-L/
D-AlaZnCl is an analytical system that has demonstrated excellent per
formance using complex biosamples with multiple analytes approaching 
the real application. We demonstrated that the combination of the 
mesoporous Au structure and additional chiral functionality of grafted 
AlaZnCl leads to excellent analytical sensing performance for the precise 
and selective detection of PE from the list of banned drugs and similar 
relevant compounds. 

3. Conclusion 

By combining the advantageous behavior of mesoporous Au film and 
a nanoporous HMOF, we designed and demonstrated a novel family of 
plasmonic materials to monitor enantiomers of monoamine neuro
transmitters. Our novel plasmonic substrates are able to detect and 
distinguish two PE enantiomers with high enantioselectivity and 

Fig. 6. Applicability of Au-L-AlaZnCl for the sensing of (+)-PE in complex biomatrices. (a) SERS spectra from (+)-PE peak detection in the presence of blood plasma 
after their selective entrapping by Au-L-AlaZnCl and subsequent SERS measurements. (b) Results of control measurements comparing the sensing of (+)-PE in blood 
plasma, measured by our SERS approach and GC. (c) SERS spectra obtained from the sensing of 10-10 M (+)-PE in a complex biomatrix (blood serum, 10-6 M (− )-PE, 
10-6 M VN, 10-6 M OM). 
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sensitivity (LOD ~10− 12 M) in the presence of a complex biomatrix, 
including their mixtures without preliminary separation. The plasmonic 
substrates provide dual physical and chemical enhancement of the 
Raman signal. AlaZnCl provides chemical recognition and a discrimi
nant function for biosamples containing large biomolecules, such as 
blood serum or plasma components. The synergistic behavior of the 
hybrid substrates resulted in a smaller LOD and higher enantiose
lectivity than existing analogues of plasmonic materials. Among other 
advantages, no sensitivity loss for PE was observed during the analysis of 
complex biosystems, including an undiluted blood serum mixture with a 
second enantiomer and the addition of two other drugs. Moreover, in 
contrast to the most common GC method for PE detection, our SERS 
sensor does not require an additional pretreatment step before analysis. 
The PE sensing was reproducible with a signal deviation over a single 
sample or between samples of < 5%. We envision the potential appli
cations of this general approach not only for SERS applications but also 
for the design of hierarchical porous platforms for other analytical de
vices and heterogeneous plasmonic catalysis. 
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Fig. 7. Reproducibility of (+)-PE (10-8 M) sensing in the presence of blood plasma after their selective entrapping by Au-L-AlaZnCl (a) SERS map of the 972 cm-1 

peak intensity. (b) SERS spectra corresponding to the map points. (c) Variations in the peak intensity (calculated as an average value from 10 random measurements) 
measured on five Au-L-AlaZnCl samples. 
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Experimental section 

Materials and preparation 

Materials: (1S,2S)-(+)-Pseudoephedrine, (1R,2R)-(− )-Pseudoephedrine were purchased from Sigma Aldrich. 4-carboxybenzenediazonium tosylate 
(ADT-COOH) was prepared according to a published procedure (Y. Kalachyova et al., 2017). The ligand N-(4-pyridylmethyl)-l-alanine⋅HCl (l-HL) was 
synthesized according to (Pan et al., 2015). Au gratings were prepared according to (Guselnikova et al., 2020). Human serum (from human male AB 
plasma, USA origin, sterile-filtered, Sigma product number H4522) and human plasma (Citrated plasma, Sigma product number P9523) were used. 

Preparation of Au mesoporous films: Au mesoporous films were prepared according to our previous report (Li et al., 2015). Briefly, 10 mg of pol
ystyrene-b-poly(ethylene oxide) (PS-b-PEO) was dissolved in 3 mL of THF completely at 40 ◦C, followed by the addition of 1.5 mL of ethanol to the 
solution. An aqueous solution of HAuCl4 (the final concentration was 5 mM in 8 mL of electrolyte) was added slowly to the clear PS-b-PEO solution, 
and spherical micelles were formed in the presence of water and THF, which are hydrophilic and hydrophobic, respectively. Electrochemical 
deposition from the precursor solutions was performed using electrochemical workstations (CHI 660E and 760E, CH Instruments, USA) with a 
conventional three-electrode system, including a platinum wire as the counter electrode, Ag/AgCl as the reference electrode, and a conducting 
substrate as the working electrode. The electrodeposition of Au was performed at a constant potential of − 0.5 V (versus Ag/AgCl reference potential) 
for 1000 s without stirring at room temperature. After Au deposition, the micelles (used as soft-templates) were thoroughly washed with THF solution 
at 40 ◦C, followed by drying with N2 flow. 

Diazonium modification: Mesoporous Au films were spontaneously modified by soaking in a freshly prepared 3 mM aqueous solution of ADT-COOH 
for 40 min. After modification, the Au films were rinsed under sonication sequentially with water, methanol, and acetone for 10 min and finally dried 
in air. 

Preparation of L/D-AlaZnCl: Zn(CH3COO)2⋅2H2O (0.022 g, 0.1 mmol) and 1-HL (0.048 g, 0.2 mmol) were dissolved in 5 mL of EtOH. The solution 
was then transferred into a Teflon-lined autoclave, followed by heating at 80 ◦C for 24 h. The reaction products were cooled to room temperature, and 
the solids were collected by centrifugation, washed with MeOH, and dried at 80 ◦C for 6 h. After centrifugation, the mother liquid was further used for 
VAC growth of AlaZnCl films. 

Surface-assisted growth of L/D-AlaZnCl: For film formation using VAC, a glass bottle (100 mL) with a PBT cap equipped with a Teflon seal was used. 
The bottom part of the bottle was filled with Raschig-rings (10 × 10 mm2) to obtain an elevated flat platform for the substrate. Then, EtOH was added 
to the bottle. Afterwards, a substrate (0.3 × 1 cm2) was placed on the top of the Raschig-rings and fully coated with a drop of fresh MOF mother liquid. 
The bottle was closed and transferred to a preheated oven at 60 ◦C for 3 h. Then, the bottle was removed from the oven and allowed to cool for 10 min 
before the substrate was removed, washed with EtOH, and dried. See the experimental setup in Fig. S2. 

Measurement techniques 

X-ray photoelectron spectroscopy (XPS) was performed using an Omicron Nanotechnology ESCAProbeP spectrometer with a monochromated Al K 
Alpha X-ray source operating at 1486.6 eV. The spectra were recorded using an Omicron Nanotechnology ESCAProbeP spectrometer fitted with a 
monochromated Al K Alpha X-ray source. The pass energy was set at X (eV) and Y as intensity (cps) for the survey and high-resolution spectra. The 
energy resolution was 0.4 eV for the survey study and 0.1 eV for the high-resolution investigation. The analyzed area was 200 μm2. The concentrations 
of elements were calculated in at.% using the sensitivity factors provided by the manufacturer. 

SEM images were obtained using a LYRA3 GMU, Tescan, CR setup with a 10 kV accelerating voltage. Before analysis, the samples were coated with 
10-nm Pt layer. The surface morphology was characterized using the peak-force AFM technique (Icon, Brücker). AFM scratch tests were performed on 
Au films, deposited on microscopic glass substrates, by profiling across a scratch, where the values are reported as the means of 20 values obtained for 
ten scratches on five samples. XRD data were obtained using an XRD-diffractometer PANalytical X’Pert PRO using Cu Kα radiation (1.5406 Å). 

Cyclic Voltammetry (CVA) measurements were performed in a solution of 5 mM potassium hexacyanoferrate (II) trihydrate in 0.1 M potassium 
chloride. ECSA measurements were performed in 0.5 M H2SO4. CVA measurements were performed using a Palm Sens 4 device (Palm Instruments, 
Netherlands) controlled by PSTrace 5.3 software (March 5, 1127 firmware). The samples were used as the working electrode, a Pt wire was used as the 
counter electrode, and measurements were performed with a Ag/AgCl (3 M KCl) reference electrode. 

Raman spectroscopy measurements 

SERS spectra were measured using a ProRaman-L Raman spectrometer (with a laser power of 70 mW and an excitation wavelength of 785 nm), and 
a Thermo Scientific DXR Raman Microscope (with a laser power 30 mW and an excitation wavelength of 632 nm). The spectra were measured 100 
times with a 1 s accumulation time for each measurement. The Raman spectra were used for chemical mapping with a surface area of 1.0 × 1.0 mm2 

with 50 × 50 points spaced by a gap of 0.02 mm. The same Raman spectrometer (785 nm and 70 mW) was used for mapping. The spectra were 
recorded at a resolution of 2 cm− 1 in the 2000-500 cm− 1 wavenumber range with an exposure time of 100 s for each exposure. To calculate the RSD 
from the SERS map, Gwyddion software (Statistical Quantities Tool) was used. For the calculation of RSD between samples, five samples of Au-L- 
AlaZnCl were tested for sensing 10− 8 M (+)-PE and 10− 6 M VN in undiluted citrated human blood plasma. Ten spectra were collected from each 
sample and the average values were used for the RSD calculation. 

Calculation of LOD and SNR: The LOD was calculated using the signal-to-noise ratio (SNR), according to the IUPAC recommendations (INTER
NATIONAL, n.d). In particular, the minimal concentration at which the signal-to-noise relation is equal to 3 was defined as the LOD. The standard 

deviation (SD) of the background signal (noise) was calculated from 20 spectra according to relation SD =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅∑
|x− x

N |

√

, where x is the intensity of the 
Raman signal at 972 cm− 1, x is the mean of the intensities, and N is the number of spectra used. Accordingly, we calculated an SD of 3.2. 

The SNR was calculated using: 

SNR=
S

SD  
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where S is the mean average peak height above the background. This SNR was calculated from 20 samples (N = 20) of (+) PE + (BSA). 
Gas chromatography measurements 

An 8860 Agilent gas chromatograph equipped with flame ionization detector and fitted with an 8200 Autosampler was used for the cross- 
validation of the SERS results. The analytes were separated using an HP-5 column (30 m × 0.25 mm × 0.25 μm). Helium was used as the carrier 
gas at a flow rate of 0.7 mL/min. The injection was performed in splitless mode with a volume of 10.0 μL. The injector and interface temperatures were 
both maintained at 250 ◦C. The initial column temperature was set at 80 ◦C and held for 2 min, followed by temperature ramps of 15 ◦C/min to 230 ◦C 
and held for 2 min. The total run time was 12.50 min. 

Sample preparation for GC 

A stock solution of PE with a concentration of 10− 2 M was prepared by dissolving 165 mg of PE in 100 mL ethyl acetate. To prepare a calibration 
curve, aqueous solutions of ephedrine at concentrations of 10− 4, 10− 5, 10− 6, 10− 7, 10− 8, 10− 9, 10− 10, 10− 11, 10− 12, 10− 13, and 10− 14 M were mixed 
with 100 μL of saturated sodium bicarbonate, pH was adjusted to 9.0 with 1.0 M sodium carbonate and ethyl acetate. The tubes were vortexed for 30 
min and centrifuged (3000 rpm) for 3 min. The ethyl acetate was evaporated to 1 mL and analyzed by GC. 

0.48 mL of blood plasma +10 μL of 10− 6 M vancomycin solution +10 μL of PE solution with concentrations 10− 8, 10− 12, 10− 14 M, and 20 μL =
resulting solution were deposited to Au-L-AlaZnCl samples for 30 min at 3 ◦C, washed with water, dried, and analyzed by SERS. To the residual 
solution, 100 μL of saturated sodium bicarbonate was added to adjust the pH to 9.0, with 1.0 M sodium carbonate and 4.0 mL of ethyl acetate in tubes 
was added. The tubes were vortexed for 30 min and centrifuged (3000 rpm) for 3 min. The ethyl acetate was evaporated to 1 mL and analyzed by GC. 
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