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A B S T R A C T   

Therapeutic drug monitoring (TDM) is an important tool in precision medicine as it allows estimating phar
macodynamic and pharmacokinetic effects of drugs in clinical settings. An accurate, fast and real-time deter
mination of the drug concentrations in patients ensures fast decision-making processes at the bedside to optimize 
the clinical treatment. Surface-enhanced Raman spectroscopy (SERS), which is based on the application of 
metallic nanostructured substrates to amplify the inherent weak Raman signal, is a promising technique in 
medical research due to its molecular specificity and trace sensitivity accompanied with short detection times. 
Therefore, we developed a SERS-based detection scheme using silicon nanowires decorated with silver nano
particles, fabricated by means of top-down etching combined with chemical deposition, to detect the antibiotic 
ceftriaxone (CRO) in spiked fresh plasma and microdialysis samples. We successfully detected CRO in both 
matrices with an LOD of 94 μM in protein-depleted fresh plasma and 1.4 μM in microdialysate.   

1. Introduction 

Therapeutic drug monitoring (TDM) is the process of determining 
drug concentrations in a patient’s body fluid to identify the optimal 
dosing of a drug based on customized pharmacological models and 
therapeutic windows for individualized and precise treatment [1–3]. 
Therefore, the detection and quantification of drugs in TDM is an 
important foundation for rapid decision-making processes at the 
bedside. With accurate, rapid and real-time access to drug concentra
tions in patients, the clinical treatment protocol is most efficient. 

Ceftriaxone (CRO) is a semi-synthetic cephalosporin, which is 
included in the World Health Organization’s list of essential drugs [4]. 
Due to its broad spectrum and long half-life, CRO is effective in the 
treatment of infections caused by multi-drug resistant bacteria, such as 
upper respiratory tract infections and urinary tract infections. However, 
facing the widespread use of antibiotics and emergence of multi-drug 
resistant microorganisms, the development of tailored dosing regi
mens based on TDM has become an important tool to control antibiotic 
misuse, reduce toxic side effects and reduce drug-induced resistance in 
pathogens [5–7]. 
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A high variety of analytical methods are available for TDM, where 
high-performance liquid chromatography coupled with mass spec
trometry (HPLC-MS) is considered as “gold” standard [8]. CRO has been 
extensively studied as an important target in TDM employing typical 
HPLC systems [9–11]. However, HPLC-based methods have the disad
vantages of being mostly restricted to core laboratories, requiring 
non-portable analytical equipment and trained personnel, and taking 
some analysis time also because of the sample preparation that is often 
required [12]. To allow for the estimation of the drug concentration in 
blood-based matrices of patients at the point-of-care, portable analytical 
methods need to be applied. As an example, Raman spectroscopy has 
proven to be available outside specialized laboratories by the develop
ment [13,14] and application of compact Raman spectrometers [15,16]. 
However, the sensitivity in Raman spectroscopy is not suited for 
low-concentrated analytes due to the inherent weak Raman effect. 
Therefore, plasmonic-active metallic nanostructures and nanoparticles 
are applied as active surfaces to enhance the Raman signal by 4–8 orders 
of magnitude, a technique which is known as surface-enhanced Raman 
spectroscopy (SERS) [17–20]. SERS is suited for food, biological and 
medical applications [21–23] due to its fast detection times enabled by 
signal enhancement, molecular specificity for fingerprint information as 
well as trace sensitivity allowing for the detection of targets in their 
relevant concentration range [24,25]. As a consequence, SERS is used in 
miniaturized portable assays and is particularly suitable for TDM ap
plications at the point-of-care [1,3]. 

In clinical application schemes employing SERS for readout, pro
cedures considering the characteristics of various human body fluids, 
such as urine, saliva or sweat secretions used as sample matrix for the 
detection of drug molecules, were developed [26–29]. In the case of 
blood plasma or serum, the presence of proteins in the sample is chal
lenging as these biomolecules tend to form a corona around (metallic) 
nanoparticles which prevent the target analyte, i.e. antibiotic, to adsorb 
to the metallic sensor surface for an efficient Raman signal enhance
ment. Thus, the development of a direct SERS detection scheme of an
tibiotics in blood-derived matrices is confronted with the limitations due 
to the high protein content. In order to remove the interfering proteins, 
human blood-derived samples were pretreated by dilution with water 
[30], extraction by organic solvents [31] or solid phase microextraction 
[32], as well as proteins were precipitated by means of methanol [33]. 
Besides, microdialysis is an emerging technique based on the dialysis 
principle to remove larger biomolecules, such as proteins, by means of 
semi-permeable membranes with a defined low molecular weight cut-off 
[34,35]. This technique is available for TDM at the point-of-care, as the 
microdialysis probe inserted into the patient is perfused so that the 
analytes with a molecular weight below the membrane’s cut-off diffuse 
in a concentration gradient-dependent manner through the membrane 
into the perfusion solution (=microdialysate) and are carried out by a 
continuous flow of perfusate in the dialysis tubing. 

As illustrated in Fig. 1, the aim of this work was to apply the SERS 
analytical protocol to determine the antibiotic CRO in fresh plasma as 
well as in microdialysate as sample matrix to evaluate the best possible 
sample pretreatment for a SERS-based detection scheme. We applied 
SERS substrates which are based on silicon nanowires decorated with 
silver or gold nanoparticles and identified the best suited fabrication 
protocol to achieve sensitivity towards the lower μM concentration 
range. Finally, we applied our SERS-active sensor surface for the 
detection of CRO in spiked fresh plasma samples after protein precipi
tation and, in comparison, with the usage of microdialysates as complex 
matrix. We found an improvement of the limit of detection (LOD) from 
94 μM in fresh plasma after protein precipitation to 1.4 μM in micro
dialysate samples. 

2. Material and methods 

The materials, instrumentation, formation of SERS substrates, prep
aration of blood-based samples, details about measurement conditions 
and data processing methods are described in Supporting Information. 

3. Results and discussion 

3.1. Spectral investigation of the antibiotic ceftriaxone (CRO) 

Fig. 2A illustrates the Raman spectrum of the beta-lactam antibiotic 
CRO, which agreed with the previously published data [36,37]. The 
Raman mode at 757 cm− 1 was identified as lactam ring breathing vi
bration, whereas the mode at 881 cm− 1 and 1370 cm− 1 was attributed to 
the C–N and carboxylate (COO− ) group vibration, respectively. Addi
tionally, the mode at 1485 cm− 1 was identified as the amide II vibration, 
and the Raman peak at 1570 cm− 1 was due to the C=N stretching vi
bration. A detailed band assignment can be found in Table S1. In com
parison, the SERS spectra of 1 mM CRO were recorded with arrays of 
silicon nanowires (SiNWs) decorated with either silver (Ag@SiNWs) or 
gold (Au@SiNWs) nanoparticles on top as SERS substrates (Fig. 2B).The 
schematic illustration of the fabrication process was depicted in Fig. S1. 
Here, it became obvious that the SERS and the Raman spectra differ in 
peak position and peak ratio, with higher SERS intensities using the 
Ag-decorated SERS substrates. We attributed this to the surface selection 
rules [38,39], i.e. Raman modes perpendicular to the metallic surface 
are preferentially enhanced, whereas those parallel to the surface are 
only weak or not detectable. Moreover, due to the evanescent character 
of the electromagnetic field on the SERS-active surface, only Raman 
modes in close vicinity (up to ~5 nm) to the sensing surface can 
contribute efficiently to the SERS spectrum [40]. As a consequence, for 
large (bio)molecules, the moieties that bind directly to the metal surface 
dominate the SERS spectrum in accordance to the surface selection 
rules. Under SERS conditions, the vibrational modes with the strongest 

Fig. 1. Schematic illustration of SERS based detection strategy of CRO in human blood-derived samples.  
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contributions to our recorded SERS spectrum corresponded to the 
carboxyl vibration at 1092 cm− 1 and 1353 cm− 1, and the amide II vi
bration at 1489 cm− 1. From this observation we conclude that CRO was 
aligned perpendicular and the carboxyl group adjacent to the lactam 
ring was close to the surface of the nanoparticles. Consequently, we used 
the most intense vibrational mode under SERS conditions at 1353 cm− 1 

for the evaluation of the SERS intensity in further investigations. Within 
the background Raman signals of both applied SERS substrates only a 
Raman mode at approximately 520 cm− 1 was detected (Fig. 2B), which 
arose from the first-order Raman modes in Si crystals [41,42]. 

As indicated above, the SERS enhancement effect of the Au@SiNWs 
substrate was obviously weaker than that of the Ag@SiNWs substrate 
(Fig. 2B). We propose that this was due to the different deposition 
process of the two metals. The SEM images in Fig. 2C and D shows that 
the growth of nanostructures on the gold substrate was denser, resulting 
in the formation of a more close and dense gold layer. In comparison, the 
dendrites on the silver substrate show a particle-like morphology. Due to 
the dense structure of the gold deposit only few nanogaps are observed 
in the SEM image, whereas in the case of silver nanostructures, a high 
number of nanogaps are observed, expected to act as hotspots in the 
SERS experiment. Based on the discussed results, we used the silver- 
based SERS substrates (Ag@SiNWs) for further experiments as they 
provided a higher SERS signal intensity. 

3.2. Optimization of the SERS substrate fabrication process 

In order to optimize the time for the deposition of the metal layer on 
the SERS substrates for maximum signal intensity, different silver 
deposition times (i.e. 1, 2, 5, 10, 15, 30, and 45 min) were tested. The 
SEM images were illustrated in Figs. S2 and S3 in Supporting Informa
tion, as well as the discussion of substrate characterization. The SERS 

substrates achieved after different deposition times were incubated for 
30 min in an aqueous solution of 0.01 mM 4-MBA (used as model ana
lyte). The SERS substrates were washed with deionized water to remove 
the excess molecules and the surface was dried under argon. Afterwards, 
SERS spectra were recorded. A total of three batches were tested per 
deposition time and three random areas (20 × 20 μm) of each substrate 
were scanned while measuring the SERS spectra. In doing so, 10 indi
vidual SERS spectra were obtained for each area of which the final 
average spectrum was calculated. Thus, for each deposition time, 90 
individual SERS spectra were recorded. From the literature it is known 
that during the incubation process, 4-MBA forms a homogeneous layer 
on the surface of the substrate [43], which, when subjected to washing, 
effectively reduces the inhomogeneity of the adsorbed molecules. 
Fig. 3A and B shows the SERS spectra obtained from SERS substrates 
with different silver deposition times and the corresponding estimated 
peak areas at the characteristic Raman mode at 1070 cm− 1, which is due 
to the aromatic ring breathing [44]. With increasing silver deposition 
times, the SERS signal intensities increased to the highest signal at 5 min 
of silver deposition before they decrease again at higher deposition 
times. The relative standard deviation (SD) was approximately 
19.6–57.8 %, which was dedicated to the inhomogeneity of the nano
structures across the surface of the SERS substrate as we fabricated them 
individually in several batches. It is expected that the observed in
homogeneity between the batches will be reduced once the fabrication 
can be performed in large scale with parallel fabrication of several tens 
or even hundreds of SERS-active substrates. 

In order to allow for recording several scans under SERS conditions 
necessary for (semi-)quantitative assessment of drug concentrations 
within a timeframe of several 10 min after sample preparation, the SERS 
substrate stability needs to be confirmed. We investigated the stability of 
the Ag@SiNW SERS substrate signal after incubation with an aqueous 

Fig. 2. (A) Raman spectrum of solid CRO, showing also the molecular structure of CRO; (B) SERS spectra of 1 mM CRO inclusively background signals, using 
Ag@SiNW (Ag) and Au@SiNW (Au) SERS substrates; (C–D) SEM images of the applied SERS substrates, i.e. SiNW after deposition with gold (C) or silver (D) applying 
a reaction time of 5 min. (For an explanation of the color references in this legend, the reader is referred to the online version of this paper.) 
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CRO solution (0.25 mM) under ambient condition by analyzing the peak 
area of the CRO marker mode at 1353 cm− 1 as function of SERS sub
strate storage time (Fig. S4). The first SERS spectra were measured 
directly after drying of the prepared sample-loaded SERS substrate, 
while the other four sets of SERS spectra were measured 15, 30, 45, and 
60 min after drying and storage under ambient condition. For each 
storage conditions, 90 individual SERS spectra were recorded. Fig. S4 
clearly shows that the peak areas at 1353 cm− 1 did not differ signifi
cantly between the samples with different storage times. The similar 
peak areas implied that the sample-loaded SERS substrates were rela
tively stable and that they did not show significant deterioration, e.g. by 
oxide coverage of the substrate surface, or degradation of the test sub
stance molecules on the substrate surface within the monitored period. 
Thus, the stability was sufficient to perform all required SERS mea
surements at the same conditions. 

Due to the larger size of the silver nanoparticles when applying 
higher deposition time, the electromagnetic field coupling between 
nanostructures was reduced, leading to a reduction in the number of 
“hotspots”, which was directly reflected in the reduction of the SERS 
signal intensity, as illustrated in Fig. 3A and B. Additionally, like pre
viously published by Sivakov et al. [45], the crystallinity, crystals shape 
and size and surface chemical composition of obtained metal nano
structures during the galvanic displacement-based growth is strongly 
influenced by the deposition time. Consequently, the recorded SERS 
intensities decreased after 5 min silver deposition with increasing 

deposition time. Based on the results illustrated in Fig. 3A and B, we 
concluded that the highest SERS intensity was achieved for 5 min of 
silver deposition, which was applied for all further experiments. We 
additionally investigated the large area characteristic of the generated 
Ag@SiNW SERS substrates by SEM. The images showed that the uni
formity of the applied substrates was acceptable in a large range, as 
illustrated by the micrometer scale in Fig. S5. 

3.3. Protein precipitation protocol 

To illustrate the potential of SERS in TDM, we performed SERS 
measurements with processed fresh plasma samples (protein-precipi
tated plasma supernatants and plasma microdialysates). Human plasma 
is an important biological fluid for individualized and tailored drug 
treatment, allowing the determination of the total but also the cell- and 
protein-unbound (free) drug concentrations in patient blood [35], which 
could be particularly important in critically ill patients with variable PK 
parameters. It consists of 90 % water and therein dissolved compounds 
such as plasma proteins, lipids, carbohydrates, inorganic salt ions, etc. 
[46], thus representing a quite complex sample matrix. The use of 
plasma in SERS measurements is challenging due to its high levels of the 
protein albumin (approximately 60 g L− 1). Albumin tends to adsorb onto 
the surface of SERS-active nanoparticles and thus to block the surface 
hot spots of the sensing surface, hinder the adsorption of the drug 
molecule of interest or cause surface degradation of solid phase 

Fig. 3. (A) SERS spectra 0.01 mM 4-MBA in aqueous solution with silver deposition times of 1, 2, 5, 10, 15, 30 and 45 min. (B) Mean ± SD (bars) SERS spectrum peak 
areas at 1070 cm− 1 in dependence of silver deposition times. Effect of protein precipitation using different plasma/acetonitrile ratios as sample pre-treatment on 
SERS spectra via Ag substrate were illustrated via Fig. 3C and D. (C) SERS spectra of 1 mM CRO-spiked plasma, pre-treated by protein precipitation using various 
protein/acetonitrile ratios. (D) Peak areas of the CRO marker mode at 1353 cm− 1 for each plasma/acetonitrile.. (For an explanation of the color references in this 
legend, the reader is referred to the online version of this paper.) 
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substrates when used as alternative to colloidal particles [30,47]. As a 
result, the performance of the SERS-based detection scheme is decreased 
and the necessity of removing proteins from fresh plasma as a sample 
pre-treatment step became obvious. One possible strategy is the pre
cipitation of proteins in the sample matrix using the organic solvents, 
methanol and acetonitrile [48]. The use of methanol as protein precip
itation reagent was already described for the SERS-based detection of 
methotrexate in human serum [33]. In pre-tests investigating various 
organic solvents for protein precipitation, we compared methanol and 
acetonitrile as protein precipitation reagents and observed that proteins 
appeared to precipitate after the addition of both solvents. Based on our 
observation, the protein precipitation in the methanolic phase was less 
dense than by using acetonitrile, which made it more difficult to sepa
rate the precipitate from the supernatant in the case of methanol, 
requiring also higher centrifugation speeds compared to acetonitrile. 
Therefore, acetonitrile was used as organic solvent in our following 
experiments. 

For optimization of protein precipitation and SERS signal intensity, 
we mixed plasma samples spiked with final 1 mM CRO with acetonitrile 
in different ratios (i.e., 1/0, 1/1, 1/3, 1/5 and 1/7). Here, the ratio 1/ 
0 corresponded to CRO-spiked plasma reference measurements without 
any protein precipitation. Fig. 3C and D shows the SERS spectra of CRO- 
spiked plasma supernatants after protein precipitation as well as the 
peak area of the CRO marker mode at 1353 cm− 1 as function of the 
plasma/acetonitrile ratio. As illustrated, the best SERS signal was ob
tained at a plasma/acetonitrile ratio of 1/3, assuming that at this ratio 
interfering proteins were removed efficiently. In samples lacking protein 

precipitation (ratio 1/0) or with protein precipitation using a plasma/ 
acetonitrile ratio of 1/1 only low SERS intensities were detected. This 
implied that the proteins of unprecipitated plasma blocked free binding 
sites and impeded the adsorption of CRO towards the SERS-active 
sensing surface. After addition of an equal volume of acetonitrile 
(ratio 1/1), it was assumed that CRO binding to proteins was abrogated 
by acetonitrile. However, because of the low extraction efficiency and 
insufficient protein precipitation due to the low total volume of organic 
solvent, this resulted in no significant change in the SERS signal. After 
the addition of organic solvent at 1/3, plasma proteins were efficiently 
precipitated and the SERS signal was significantly enhanced compared 
to the other conditions tested. At ratios of 1/5 and 1/7, although the 
increase in acetonitrile concentration improved the efficiency of protein 
precipitation, a significant decrease in SERS signals occurred due to the 
higher dilution of the analyte in the pre-treated sample caused by the 
higher volumes of the organic solvent. Therefore, a plasma/acetonitrile 
ratio of 1/3 was used for further measurements. 

3.4. Quantitative analysis of ceftriaxone (CRO) in blood-based matrices 

Our developed SERS-based protocol was next used to investigate the 
capabilities on estimating the concentration of CRO in spiked fresh 
plasma samples. For this purpose, seven different plasma samples spiked 
with CRO were prepared. The final concentrations of CRO in the spiked 
plasma were 0, 1, 25, 50, 100, 250, and 1000 μM. Fig. 4A and B shows 
the concentration-dependent SERS spectra of protein precipitated 
plasma samples (plasma/acetonitrile ratio of 1/3), as well as the 

Fig. 4. (A) Mean SERS spectra of plasma samples spiked with different CRO concentrations after protein precipitation pre-treatment using acetonitrile (plasma/ 
acetonitrile ratio 1/3). (B) Dependence of the SERS peak area at 1353 cm− 1 on the CRO concentration between 1 μM and 1 mM using a linear fit (red line). (C) 
Average SERS spectra of microdialysate samples spiked with different CRO concentrations. (D) Dependence of the SERS peak area at 1353 cm− 1 on the CRO 
concentration, ranging between 2.5 μM and 1 mM, using a Langmuir adsorption model fit (red line; parameters: S0 = 54183, K = 0.1516 and n = 0.5578).. (For an 
explanation of the color references in this legend, the reader is referred to the online version of this paper.) 
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respective peak area of the CRO marker mode at 1353 cm− 1, which 
increased as function of the CRO concentration spiked in plasma. The 
CRO marker band at 1353 cm− 1 was clearly detectable down to 25 μM 
(equals 13.9 μg mL− 1 CRO), a concentration that is meaningful for the 
detection of CRO in patient samples for TDM [49]. The R2 value of the 
linear fit in Fig. 4B (S = 483.2 + 6693*c) was 0.9361, indicating the 
applicability of a linear fit model. The LOD is attributed to the 3σ level of 
the blank peak area divided by the slope of the fitted curve. In the case of 
protein precipitation as sample pre-treatment for plasma, an LOD of 94 
μM was achieved. The relatively high LOD value, compared to the 
spectroscopic fingerprint detectable CRO concentration of down to 25 
μM, was attributed to the presence of vibrational modes in the blank 
sample matrix occurring also in the region of the CRO marker band 
region. In fact, fresh plasma, even after the removal of proteins via 
protein precipitation, still contains small organic molecules or other 
interfering substances other than proteins. Thus, Raman bands due to 
the matrix background can be observed within the blank sample, i.e. 0 
μM CRO. Due to the higher affinity of CRO towards the SERS substrate’s 
surface compared to matrix molecules, interference with the CRO 
marker band at 1353 cm− 1 was not observed at higher CRO concen
trations. In addition, acetonitrile used for protein precipitation mediated 
detection of total antibiotic concentration in plasma, as CRO, which is 
highly bound to proteins in blood (90–95 % protein-bound at low con
centrations [50]), was released from the proteins during the precipita
tion process. 

As mentioned above only the free drug fraction is considered to be 
the pharmacologically active one. Thus, in TDM of critically ill patients 
with deviant PK parameters the therapeutic range can be better moni
tored with the free drug concentration than with the total drug con
centration [51,52]. Among the different methods for free drug fraction 
sampling, microdialysis is an effective method that can be combined 
with near-patient POCT for semi-continuous on-line determination of 
protein-unbound target analyte concentrations [53]. In addition, with 
respect to SERS measurements, microdialysis reduces the complexity of 
sample matrix by depleting a high amount of matrix molecules such as 
proteins, which could potentially interfere with the SERS fingerprint 
information of the target analyte. Consequently, we tested micro
dialysates as sample matrix in potential TDM applications based on SERS 
by performing microdialysis with fresh plasma samples from healthy 
donor volunteers without CRO intake. In doing so, microdialysates 
depleted of peptides/proteins and other blood components with a mo
lecular weight greater than 9 kDa were generated. Prior to the SERS 
measurements, we spiked microdialysates with CRO reaching various 
final CRO concentrations, i.e., 0, 2.5, 5, 10, 25, 50, 250 and 1000 μM. 
Fig. 4C and D shows the SERS spectra and the concentration dependency 
of the CRO marker modes peak areas. The SERS spectra plotted repre
sent average spectra, calculated from 30 single spectra for each con
centration. In comparison to protein precipitated plasma (Fig. 4A), the 
blank sample spectrum showed less dominant Raman modes after the 
application of microdialysis as sample pre-treatment. This can be 
explained by the fact that the mechanisms of the two pre-treatment 
processes differ significantly. Thus, whereas protein precipitation sam
ple pre-treatment only efficiently reduces peptides/proteins in the 
sample, the physicochemical nature of the here applied microdialysis 
reduces also (larger) hydrophobic blood components (e.g., lipids), 
yielding in a less complex sample matrix. As the concentration of CRO 
spiked in microdialysates increased, the CRO marker modes became 
more prominent. The dependency of the SERS signal of the carboxyl 
vibration (integrated peak area at 1353 cm− 1) on the CRO concentration 
spiked in microdialysate samples was demonstrated by fitting the data to 
the Langmuir adsorption model (Fig. 4D). The fit illustrated as red line 
gave a R2 of 0.9427 and the Langmuir isotherm parameters S0 = 54183, 
K = 0.1516 and n = 0.5578. We attributed this Langmuir-like behavior 
to the fact that the interaction between the SERS substrate and the CRO 
molecule is much stronger than the attraction between CRO molecules 
itself [54,55]. 

Moreover, due to the less complex matrix composition, less inter
ference of matrix molecules was expected when using microdialysate for 
SERS-based investigations. Due to the Langmuir behavior, we can 
conclude that the adsorbed CRO molecules were more likely generating 
a monolayer on the surface of the SERS substrate. In addition, it is 
known from the electromagnetic SERS enhancement theory that the 
SERS signal is mainly determined by the contribution of the analyte 
molecules closest to the metal surface [56]. The Raman signal of the first 
molecular layer can be directly enhanced, resulting in a Langmuir-like 
dependency as shown in Fig. 4D. 

The LOD (3σ level) of CRO in microdialysates, calculated from the 
non-spiked blank samples, was 1.4 μM, which is equivalent to 0.83 μg 
mL− 1. Literature reports for a daily dose of 1 g CRO administered to an 
average adult a peak and trough plasma concentration of the protein- 
bound drug of 79–255 μg mL− 1 and 15–45 μg mL− 1, respectively [3, 
49]. Considering that approx. 90–95 % of CRO is protein bound in 
plasma, free CRO concentrations in plasma are expected to range be
tween 0.75 and 25.5 μg mL− 1 [50]. Table 1 summarizes previous find
ings for estimation of CRO in biological matrices by SERS and compares 
them with our results, considering LODs as well as the measurement 
range within the SERS experiments. Here, the application of SERS for the 
determination of CRO in microdialysate samples presented itself 
competitive to other studies using less complex matrices and capable for 
semi-continuous TDM or PK analyses. 

4. Conclusions 

In conclusion, we successfully demonstrated the detection of the 
antibiotic CRO in fresh plasma and microdialysate by applying an own 
fabricated SERS substrate based on silicon nanowires decorated with 
silver nanostructures (Ag@SiNWs). In the case of fresh plasma as a 
biological matrix, we used a sample pre-treatment method for protein 
precipitation with acetonitrile. Most efficient protein precipitation and 
highest CRO marker mode (1353 cm− 1) SERS intensities were obtained 
with an optimized plasma/acetonitrile ratio of 1/3. By doing so, one has 
access to the total amount of the antibiotic in plasma in further exper
iments employing real clinical samples as the usually highly protein- 
bound antibiotic is released from matrix proteins by this sample pre- 
treatment. For TDM in patients with aberrant PK parameters, i.e. criti
cally ill patients, the pharmacologically active free fraction of the anti
biotic might be more informative than the total CRO concentration in 
plasma. Therefore, we performed SERS-based analysis on micro
dialysates, a sample matrix with less complex composition as in 
particular large biomolecules such as proteins are hindered to cross the 
membrane barrier in microdialysis. As less matrix molecules compete for 
free binding sites at the metallic SERS-active surface, the sensitivity of 
the SERS detection scheme could be increased and a LOD of 1.4 μM 
could be reached for CRO spiked in microdialysate samples. Thus, this 

Table 1 
An overview of the reported SERS studies on CRO detection.  

Substrate Matrix Lowest 
detected 
concentration 

SERS 
measurement 
range 

Reference 

AgNPs urine sample 0.4 μg mL− 1 5–500 μg mL− 1 [36] 
SERS 

sensing 
optical 
fiber 

water 1 μM 10–10000 μM [57] 

CuNP urine sample 7.5 μg mL− 1 50–500 μg 
mL− 1 

[58] 

AgNPs urine sample 92 μg mL− 1 100–500 μg 
mL− 1 

[59] 

Ag@SiNWs fresh plasma 94 μM 1–1000 μM Our 
work 

Ag@SiNWs microdialysate 1.4 μM 2.5–1000 μM Our 
work  
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work paves the way towards the estimation of antibiotics in clinical 
samples in terms of TDM. 
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[24] C. Liu, L. Müller-Bötticher, C. Liu, J. Popp, D. Fischer, D. Cialla-May, Raman-based 
detection of ciprofloxacin and its degradation in pharmaceutical formulations, 
Talanta (2022) 123719. 

[25] C. Liu, S. Weber, R. Peng, L. Wu, W.-s. Zhang, P.B. Luppa, J. Popp, D. Cialla-May, 
Toward SERS-based therapeutic drug monitoring in clinical settings: recent 
developments and trends, TrAC, Trends Anal. Chem. 164 (2023) 117094. 

[26] I.J. Hidi, M. Jahn, M.W. Pletz, K. Weber, D. Cialla-May, J. Popp, Toward 
levofloxacin monitoring in human urine samples by employing the LoC-SERS 
technique, J. Phys. Chem. C 120 (37) (2016) 20613–20623. 

[27] E.H. Koh, W.-C. Lee, Y.-J. Choi, J.-I. Moon, J. Jang, S.-G. Park, J. Choo, D.-H. Kim, 
H.S. Jung, A wearable surface-enhanced Raman scattering sensor for label-free 
molecular detection, ACS Appl. Mater. Interfaces 13 (2) (2021) 3024–3032. 

[28] T. Yang, X. Guo, H. Wang, S. Fu, Y. wen, H. Yang, Magnetically optimized SERS 
assay for rapid detection of trace drug-related biomarkers in saliva and 
fingerprints, Biosens. Bioelectron. 68 (2015) 350–357. 

[29] C. Andreou, M.R. Hoonejani, M.R. Barmi, M. Moskovits, C.D. Meinhart, Rapid 
detection of drugs of abuse in saliva using surface enhanced Raman spectroscopy 
and microfluidics, ACS Nano 7 (8) (2013) 7157–7164. 

[30] A. Bonifacio, S. Dalla Marta, R. Spizzo, S. Cervo, A. Steffan, A. Colombatti, 
V. Sergo, Surface-enhanced Raman spectroscopy of blood plasma and serum using 
Ag and Au nanoparticles: a systematic study, Anal. Bioanal. Chem. 406 (9) (2014) 
2355–2365. 

[31] N.E. Markina, A.V. Markin, K. Weber, J. Popp, D. Cialla-May, Liquid-liquid 
extraction-assisted SERS-based determination of sulfamethoxazole in spiked 
human urine, Anal. Chim. Acta 1109 (2020) 61–68. 

C. Liu et al.                                                                                                                                                                                                                                      

https://doi.org/10.1016/j.talanta.2024.125697
https://doi.org/10.1016/j.talanta.2024.125697
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref1
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref1
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref1
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref2
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref2
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref3
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref3
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref3
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref4
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref4
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref4
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref5
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref5
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref5
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref5
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref5
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref6
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref6
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref6
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref7
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref7
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref7
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref8
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref8
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref8
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref9
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref9
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref9
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref9
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref10
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref10
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref10
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref10
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref11
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref11
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref11
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref11
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref12
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref12
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref12
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref13
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref13
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref13
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref13
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref14
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref14
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref14
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref15
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref15
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref15
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref16
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref16
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref16
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref16
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref17
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref17
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref17
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref17
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref17
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref17
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref17
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref17
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref17
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref17
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref18
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref18
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref18
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref19
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref19
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref19
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref20
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref20
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref20
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref21
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref21
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref21
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref22
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref22
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref22
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref23
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref23
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref23
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref23
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref24
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref24
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref24
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref25
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref25
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref25
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref26
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref26
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref26
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref27
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref27
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref27
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref28
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref28
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref28
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref29
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref29
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref29
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref30
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref30
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref30
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref30
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref31
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref31
http://refhub.elsevier.com/S0039-9140(24)00076-6/sref31


Talanta 271 (2024) 125697

8

[32] M. Szultka, R. Kegler, P. Fuchs, P. Olszowy, W. Miekisch, J.K. Schubert, 
B. Buszewski, R.G. Mundkowski, Polypyrrole solid phase microextraction: a new 
approach to rapid sample preparation for the monitoring of antibiotic drugs, Anal. 
Chim. Acta 667 (1) (2010) 77–82. 
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