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Point-of-care Detection and Real-time Monitoring of 

Intravenously Delivered Drugs via Tubing with an 

Integrated SERS Sensor 

Hsin-Yu Wu
a
 and Brian T. Cunningham

a,b,*
  

We demonstrate an approach for detection, identification, and kinetic monitoring of drugs 

flowing within tubing, through the use of a plasmonic nanodome array (PNA) surface. The 

PNA structures are fabricated using a low-cost nanoreplica molding process upon a flexible 

plastic substrate that is subsequently integrated with a flow cell that connects in series with 

ordinary intravenous (IV) drug delivery tubing. To investigate the potential clinical 

applications for point-of-care detection and real-time monitoring, we perform SERS detection 

of ten pharmaceutical compounds (hydrocodone, levorphanol, morphine, oxycodone, 

methadone, phenobarbital, dopamine, diltiazem, promethazine, and mitoxantrone). We 

demonstrate dose-dependent SERS signal magnitude, resulting in detection limits (ng/ml) well 

below typical administered dosages (mg/ml). Further, we show that the detected drugs are not 

permanently attached to the PNA surface, and thus our approach is capable of performing 

continuous monitoring of drug delivery as materials flow through IV tubing that is connected 

in series with the sensor. Finally, we demonstrate the potential co-detection of multiple drugs 

when they are mixed together, and show excellent reproducibility and stability of SERS 

measurements for periods extending at least five days. The capabilities reported here 

demonstrate the potential to use PNA SERS surfaces for enhancing the safety of IV drug 

delivery.

Introduction 

Intravenous (IV) therapy is a commonly used method for 

delivery of liquid-based medications and nutrients to a patient’s 

body in a wide range of clinical settings. Despite the adoption 

of sophisticated multi-drug pump systems, and quality control 

efforts that seek to consistently match the prescribed 

medications with those that are actually delivered to the patient, 

IV drug delivery remains highly vulnerable to error. Medication 

errors associated with IV-delivered drugs include incorrect 

dosage, substitution of one drug for another, co-delivery of 

incompatible drugs, and infusion of a drug that was not actually 

prescribed. It has been reported recently that up to 61% of all 

life-threatening errors during hospitalization are associated with 

IV drug therapy.1 Thus, a primary focus of hospitals’ 

medication safety efforts will be upon the prevention of IV 

medication administration errors, particularly those involving 

continuous IV drug infusions.2 Although current computerized 

IV infusion safety systems (“smart pumps”) help reduce 

traditional medication errors through 

programming and calculating dose and delivery rates, such 

safeguards cannot recognize drugs in an IV line.3 The ability to 

continuously monitor the contents and concentrations within an 

IV line would offer an additional layer of error-checking for 

minimizing the occurrence of medication errors. 

 Optical detection techniques, such as fluorescence, infrared 

absorption, and Raman scattering, are ideal candidates for this 

task because they are nondestructive, and can be performed 

without making physical contact to the contents of IV tubing. 

Although the use of fluorescent tags to detect nonfluorescent 

target molecules has numerous biomedical applications,4-6 it is 

not permissible to introduce fluorescent dyes into liquid-based 

medications that are being delivered to the patient’s body. 

Infrared absorption spectroscopy and Raman scattering are 

label-free detection methods, and thus do not require the use of 

additional chemical reagents. Nevertheless, the strong 

absorption cross section of water within the infrared 

wavelength region significantly interferes with the absorption 

efficiency of drugs within aqueous media. However, water has 

a very weak Raman cross section, opening up the possibility for 

using Raman spectroscopy. Raman scattering provides several 

advantages over infrared absorption, including inherently 

narrower bandwidth peaks, and the ability to more specifically 

identify chemical species by their unique scattering signatures. 

Unfortunately, Raman scattering cross sections are 12-14 orders 

of magnitude smaller than fluorescence cross sections of typical 

molecules, and consequently only one ten millionth of all 
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incident photons are converted into Raman photons.7 As an 

extremely inefficient process, Raman scattering ordinarily 

requires a large ensemble of participating molecules along with 

a high power laser and long acquisition time to produce a 

measurable signal. This issue has been addressed through the 

development of surface-enhanced Raman scattering (SERS).8-10 

SERS is a vibrational spectroscopy technique for rapidly 

determining chemical identity and structural information from 

small numbers of molecules in close vicinity to metallic 

nanostructured surfaces that support regions of intense 

electromagnetic (EM) field enhancements generated by the 

excitation of localized surface plasmon-polariton resonances 

(LSPR). It is this highly localized EM field enhancement at 

SERS-active sites (referred to as “hot spots”) that cause the 

strongly enhanced excitation of Raman vibrational modes of 

adsorbed molecules. Therefore, SERS allows for highly 

sensitive structural detection of low-concentration analytes with 

substantially less laser power and shorter detection times than 

Raman scattering. 

 Numerous approaches have been demonstrated for 

producing SERS-active substrates.  The most effective of these 

operate through the incorporation of a periodic metallic 

nanostructure that is capable of tailoring the LSPR wavelength 

to the laser excitation wavelength, which in turn couples its 

electromagnetic field into 10-20 nm dielectric air gaps.11-14 

While the intensity of electric field within the nm-scale gap 

may be up to several thousand times greater than that of the 

incident illumination source, the field enhancement only occurs 

within a small fraction of the total surface area. Therefore, 

SERS scattering signals are only observed for the small fraction 

of molecules within the enhanced field volume. A high density 

of hot spots, combined with a high electric field enhancement 

factor within each hot spot, is important for obtaining a high 

“average” SERS enhancement factor, representing the most 

important performance parameter for measurements obtained 

from a practical system.15-17   

 Due to the combined requirements for nm-level precision 

fabrication and low cost manufacturing for single-use 

disposable applications, we recently developed a plastic-based 

approach for fabricating dense arrays of metallic domes.18 

Plasmonic nanodome array (PNA) substrates are produced 

using a nanoreplica molding technique to form arrays of 

polymer cylinders, followed by a two-step thin film deposition 

process to convert the cylinders to rounded domes with 

controllable and uniform 10-20 nm gaps between adjacent 

domes. PNA surfaces with an air superstrate were demonstrated 

to exhibit a spatially averaged SERS enhancement factor (EF) 

of 8.51 × 107.18 In this study, the PNA surfaces are designed 

specifically for operation with the surface exposed to an 

aqueous medium through adjustment of thicknesses of the SiO2 

and gold films to tailor the spectral position of the LSPR for λ = 

785-nm laser excitation. 

 In this work, we explore the clinical potential of SERS-

active PNA surface for identification and verification of the 

chemical contents of a fluid in an IV line as a means to enhance 

the safety of IV drug delivery systems. A PNA surface 

integrated with a miniature plastic flow cell that operates in 

series with ordinary tubing is used as an in-line SERS sensor 

for point-of-care detection and real-time monitoring of IV-

delivered drugs. We demonstrate SERS detection of ten 

pharmaceutical compounds, and demonstrate (using four of the 

ten drugs) that the magnitude of the SERS signal is dependent 

upon the drug concentration. Kinetic characterization of the 

SERS signal is used to demonstrate that drug molecules are not 

permanently captured by the PNA surface, enabling 

measurements to be gathered over extended time periods during 

which the drug concentration may either increase or decrease. 

Using combined flow of promethazine/mitoxantrone as an 

example, we demonstrate that multiple drugs present in 

combination results in a superposition of their SERS spectra, as 

expected. Finally, we demonstrate that the PNA structure 

provides reproducible SERS signals over time periods 

extending up to five days. 

Experimental section 

Fabrication of PNA substrates 

A schematic diagram of the nanoreplica molding process 

utilized to fabricate the PNA is shown in Fig. S1 in the 

Electronic Supplementary Information (ESI†). 

LSPR reflection measurements 

Prior to reflection measurement, a water droplet (10 μL) was 

hand-spotted onto the PNA surface and then covered with a 

cover glass. Far-field reflection measurements of the PNA 

exposed to water were conducted using an inverted microscope 

(Axio Observer D1, Carl Zeiss, Inc.) equipped with a 100 W 

halogen light source. The incident light was focused onto the 

PNA surface via a 10× objective (NA = 0.25) and the reflected 

light was coupled to a visible and near-infrared (VIS-NIR) 

spectrometer (Control Development, Inc.) through an optical 

fiber. All reflection spectra were collected against a mirror-like 

Au film over microscope glass slide as the reference. 

Flow cell with an integrated PNA SERS substrate 

The flow cell was made of an optically clear resin (WaterClear 

Ultra 01122, DSM Somos), fabricated by a stereolithography 

system (Viper SLA system, 3D Systems). A cut PNA coupon 

with a square area of 1 cm2 was inserted into the middle slit of 

the flow cell and sealed by UV-cured adhesive (Addison Clear 

Wave). Both top and bottom surfaces of the flow cell were 

sealed by attaching No. 1 glass coverslips (12 × 24 mm) using 

the same adhesive. The cross-sectional area of the inlet and 

outlet was 3.5 × 1 mm. The distance between the top glass 

window and the PNA surface was ~1.5 mm. The cylindrical 

openings at the two ends of the flow cell were tapped and 

screwed in with barbed male threaded adapters (10-32 UNF × 

1/8” ID, Cole-Parmer) connected to biomedical tubing (1/8” ID 

× 3/16” OD × 1/32” Wall , TYGON R-3603). Please refer to 

Fig. S2 in the ESI† for fabrication details of the flow cell. 

Detection instrument and data analyses 

SERS measurements were carried out using a Renishaw inVia 

Raman microscope equipped with a NIR diode laser (λexc = 785 

nm) and a 50× objective (NA = 0.5) with a working distance of 

8.2 mm. Under the activation of an excitation pinhole that 

improves the beam profile and spatial resolution, the measured 

NIR diode laser power at the exit of the objective is 512 µW for 

concentration series and mixture solutions experiments. The 

measured NIR diode laser power at the exit of the objective is 

5.9 mW for kinetic experiments. The back-scattered photons 

were collected by the same objective lens and sent through a 

holographic notch filter and a Peltier-cooled CCD detector to 

acquire SERS spectra with a spectral resolution of ~ 0.5 cm−1. 

All measurement data were gathered using a linearly polarized 
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laser beam oriented in the x-axis with an integration time of 10 

s for concentration series and mixture solutions experiments, 

and 5 s for kinetic experiments. Raw spectra were smoothed 

using the Savitsky–Golay method with a third-order polynomial 

and window size of 9. The slowly varying background of the 

processed spectra was removed by subtracting the processed 

reference spectrum taken from the blank solution (DI water). 

This method greatly reduced varying background levels with 

minimum effect on the net SERS peaks. All calibration curves 

shown in this work were fit using Hill equation with n = 1, 

which is equivalent to the Langmuir equation.  

Experimental procedures 

Analytical grade drugs used in this study were purchased from 

Sigma-Aldrich. For concentration series measurements, each 

drug was prepared in DI water at five different concentrations. 

Prior to the SERS measurements, SERS spectra of a blank 

solution were first taken as references at five different recorded 

locations on the PNA surface, followed by emptying DI water 

from the PNA surface. The lowest concentration analyte 

solution was introduced onto the PNA surface and then SERS 

measurements were taken on the same locations as the 

measured reference spectra. After the measurements, the 

analyte solution was emptied out, followed by rinsing with DI 

water three times before beginning the next higher analyte 

concentration measurement. Measurements were taken in a 

static condition without flow with an integration time of 10 s. 

For mixture solutions of promethazine and mitoxantrone, test 

samples were prepared in four concentration combinations in 

DI water: 12.5 mg/ml, 1.95 µg/ml; 6.25 mg/ml, 1.95 µg/ml; 50 

µg/ml, 3.91 µg/ml; 50 µg/ml, 1.95 µg/ml for promethazine and 

mitoxantrone, respectively. The experimental procedure was 

identical to that mentioned in the concentration series 

measurements. For the kinetic on/off measurements, two 

separate programmable syringe pumps (PHD 2000/4400, 

Harvard Apparatus) were used to alternately infuse DI water 

(blank) and the analyte solution into their individual biomedical 

tubing at 50 s intervals over 650 s. The solutions were pumped 

through the tubing at a flow rate of 5 ml/min. A three-way 

stopcock connected to the biomedical tubing was used as a 

switching valve, which was synchronized with the syringe 

pumps, to alternate the flowing blank and sample streams into a 

third section of tubing connected to the inlet of flow cell. SERS 

spectra were captured every 5 s with an integration time of 5 s.  

Results and discussion 

In-line SERS sensor 

For SERS surfaces to be adopted for single-use disposable 

point-of-care diagnostic applications, the structure must be 

inexpensively manufacturable over large surface areas while 

simultaneously providing a reliable and reproducible 

enhancement factor (EF). The PNA structure used in this work 

is produced on a flexible plastic substrate by a low-cost, large-

area, and high-throughput nanoreplica molding technique, 

which provides a spatially averaged SERS EF of 8.51 × 107 

with a surface density of 6.25 × 106 mm−2 hot spots18. Fig. 1(a) 

shows a photograph of the completed PNA structure on a 

flexible polyester substrate over a 100 × 75 mm2 surface area. 

Gold was chosen as the plasmonic material because it is less 

susceptible than silver to oxidation, which causes degradation 

of EF, which is a particular concern for long-term detection 

within aqueous media. Fig. 1(b) shows scanning electron 

microscope (SEM) images of the fabricated PNA structure with 

square lattice symmetry (period = 400 nm). The sensor is 

incorporated into a miniature flow cell made from optically 

clear resin, as shown in Fig. 1(c). Fig. 1(d) illustrates an in-line 

SERS sensor where two cylindrical openings at the ends of the 

SERS sensor are connected in series with biomedical tubing 

and the excitation laser (λexe = 785 nm) is focused on the PNA 

surface by a 50× objective with NA = 0.5. The SERS sensor 

provides label-free identification/detection of analytes due to 

diffusion of the analyte molecules into the SERS-active regions 

without immobilization of capture probe molecules on the 

sensor surface. 

 
Fig. 1 (a) Image of the PNA surface fabricated on a flexible polymer sheet. (b) 

SEM image of the completed PNA surface. Inset: close-up SEM image of the 

PNA surface with measured inter-dome separation distance of 15-20 nm. (c) 

Image of the SERS sensor assembled by incorporation of the flexible PNA 

substrate into a plastic flow cell. (d) Schematic of an in-line SERS sensor where 

two cylindrical openings at the ends of the SERS sensor are connected in series 

with biomedical tubing and a 785-nm laser focused on the PNA surface by a 50× 

objective. 

 
Fig. 2 (a) Measured and FDTD-computed reflection spectra of the PNA surface 

exposed to water. (b) Top and (c) cross-sectional views of the spatial electric-field 

intensity enhancement profiles of one unit cell volume of the PNA for the LSPR 

resonance (λLSPR = 832 nm). Einc indicates the orientation of the incident electric 

field vector of a monochromatic plane wave. 

 In addition to analyte molecules spatially positioned within 

the hot-spot regions, the spectral location of the LSPR is also 

important because it has been demonstrated that the maximum 

SERS EF occurs when the LSPR wavelength (λLSPR) lies 

between the excitation wavelength (λexe) and Raman scattered 

wavelength (λRS) because LSPR is relatively broad and hence 

both the incident and the Raman scattered photons can be 

simultaneously and strongly enhanced.19 Fig. 2(a) shows 

experimental and simulated reflection spectra of the PNA 

surface covered in water. Detailed simulation parameters are 

summarized in the ESI†. The resonance spectral wavelength 

obtained from experimental measurement correlates well with 

the wavelength predicted by computer simulation. The 
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discrepancy in the linewidth between experiment and 

simulation can be attributed to the structural aspects such as 

surface roughness and feature size variations, and extra losses 

in the metal due to increased surface scattering and grain 

surface effects of the underlying SiO2 film, which are not taken 

into account in the simulation. Since the PNA substrate 

coated with a 180 nm gold film is not optically transparent, the 

reflection minimum wavelength (λmin = 832 nm) was used to 

locate the LSPR extinction maximum wavelength (λLSPR). 

Moreover, the dominant SERS intensity peaks for IV-delivered 

drugs used in this work are situated between 1000 and 1500 

cm−1 shift, corresponding to Raman scattered wavelength (λRS) 

ranging from 852 to 890 nm. Consequently, measured λLSPR of 

832 nm meets the criteria of the maximum SERS EF. Fig. 2(b) 

and (c) show top and  cross-sectional views of the spatial 

electric-field intensity enhancement distributions associated 

with the dipole LSPR mode.18 The most intense electric-field 

intensity (the hot spot) is confined within the gap between 

adjacent nanodomes, depicted as the yellow region. 

 
Fig. 3 SERS spectra of 25 mg/ml promethazine solution for SERS sensors with 

varying chamber heights (H). Primary SERS intensity peak for promethazine can 

be observed at 1037 cm−1. The inset represents the Raman spectrum of 25 mg/ml 

promethazine solution, acquired when the laser was focused on a uniform non-

nanostructured gold surface. 

 In order to investigate the effect of the chamber height of 

the flow cell on the SERS intensity, SERS measurements were 

carried out on flow cells of three different depths filled with 25 

mg/ml promethazine solution, representing a clinically relevant 

concentration typically delivered to patients. Fig. 3 compares 

the SERS spectra of 25 mg/ml promethazine solutions gathered 

from the three different chamber heights (H = 0.2, 1.5, and 3 

mm). The SERS spectra of promethazine reveals a dominant 

SERS intensity peak at 1037 cm−1, due to the breathing mode of 

the aromatic rings, a small peak at 677 cm−1, which can be 

assigned to a Cring–S stretching mode, as well as two minor 

peaks at 1573 and 1593 cm−1, which can be assigned to the 

aromatic C=C stretching modes.20 The inset shows the Raman 

spectrum of 25 mg/ml promethazine solution, acquired when 

the laser was focused on a uniform gold surface without 

nanostructures. It should be pointed out that the measured 

Raman signal was largely collected from the drug molecules 

within the laser probe volume with the same laser power of 512 

µW and integration time of 10 s as SERS measurements. When 

the laser was focused on a uniform gold surface without 

nanostructures, the focused beam waist of the laser extends for 

~22 µm in the direction perpendicular to the surface, which is 

very small compared to H (ESI†). Thus, as expected, identical 

Raman intensities are obtained regardless of the size of the flow 

cell height. After background subtraction, the ratios of 

dominant SERS intensities to Raman intensity at 1037 cm−1 are 

666, 300, and 192 for H = 0.2, 1.5 and 3 mm, respectively. As 

shown in Fig. 3, SERS intensity decreases with increasing 

chamber height, which can be attributed to less efficient 

focusing of the excitation laser spot when it passes through 

increased depth of the liquid sample, which in turn results in a 

large decrease in measured SERS intensity, which is 

proportional to the square of the laser power coupled into the 

PNA surface. Thus, obtaining greater SERS intensity favors the 

selection of a shallow flow channel height, but at the expense of 

a chamber volume that may not accommodate clinical flow 

rates. Therefore, in this work, the PNA substrate is positioned 

in the center of a flow cell with 3.0 mm height, allowing the 

flow to bifurcate above and below the active PNA surface. The 

distance between the top glass window and the PNA surface is 

~1.5 mm while at the same time enabling flow rates of 0.1 – 5 

ml/min to be used without pressure buildup within the flow 

cell.  

 
Fig. 4 SERS spectra of ten pharmaceutical drugs measured at concentrations used 

in clinical drug delivery: (a) hydrocodone (0.5 mg/ml), (b) levorphanol (2 mg/ml), 

(c) morphine (5 mg/ml), (d) oxycodone (20 mg/ml), (e) diltiazem (1 mg/ml), (f) 

phenobarbital (65 mg/ml), (g) dopamine (1.6 mg/ml), (h) promethazine (25 

mg/ml), (i) methadone (10 mg/ml), and (j) mitoxantrone (2 mg/ml). All spectra 

were gathered by a 785-nm laser with an output power of 512 µW and an 

integration time of 10 s. For clarity and comparison, SERS spectra are vertically 

offset. 

Detection of pharmaceutical drugs  

Fig. 4 shows the measured SERS spectra of ten pharmaceutical 

drugs at typical clinically delivered concentrations. They are 

opioid pain medications (hydrocodone (0.5 mg/ml), 

levorphanol (2 mg/ml), morphine (5 mg/ml), oxycodone (20 

mg/ml), methadone (10 mg/ml) and phenobarbital (65 mg/ml)), 

medications for the prevention and/or treatment of renal 

dysfunction (dopamine (1.6 mg/ml) and diltiazem (1 mg/ml)), 

and sedative/pain medications (promethazine (25 mg/ml) and 

mitoxantrone (2 mg/ml)). Each drug was prepared in water, and 
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SERS spectra shown for all of the drugs were averaged over 

five different locations on the sensor surface. The most 

prominent SERS bands in the measured spectra are in 

agreement with those previously reported by other groups.21, 22 

We chose four representative drugs (dopamine, diltiazen, 

promethazine and mitoxantrone) as model materials to perform 

dose-dependent detection of low-concentration analytes to 

explore detection limits. In addition, we performed kinetic 

detection of two representative drugs (promethazine and 

mitoxantrone) under flow, to investigate the ability to detect 

changes of drug concentration, and to observe the rate at which 

drugs are flushed into and out of the flow cell. 

Dose-response characterization and detection limits 

A decrease in cardiac output in the early stage after cardiac 

surgery is a frequent cause of acute renal failure. Dopamine, a 

natriuretic hormone, is used extensively to increase renal blood 

flow and raise glomerular filtration rate, which cause increased 

diuresis that protects against acute renal failure in oliguric 

patients who are in shock or heart failure.23, 24 Dopamine is 

usually administered by continuous IV infusion, and most 

common concentrations in IV bags are 0.8, 1.6, and 3.2 mg/ml. 

High dosage can cause ventricular arrhythmias, hypertension, 

tachycardia, and peripheral vasoconstriction.25 Fig. 5(a) plots 

the SERS spectra for dopamine solutions of varying 

concentrations ranging from 0.781 to 200 µg/ml. It is obvious 

that the SERS spectra of dopamine solutions reveal several 

characteristic SERS intensity peaks located at 649, 828, 1270, 

1334, 1430, and 1486 cm−1. Two prominent peaks at 1486 and 

1270 cm−1 were assigned to phenyl C=C and phenolic C–O 

stretching modes, respectively.26, 27 The inset shows a 

calibration curve of averaged SERS intensity measured at 1486 

cm−1 as a function of dopamine concentration with error bars 

indicating ± 1 standard deviation measured from five different 

recorded locations on the sensor surface (N = 5). The data 

points were then fit using a Langmuir equation with a 

correlation coefficient (R2) value of 0.999. 

 Diltiazem, a calcium channel blocking agent, is often used 

in the treatment of hypertension, angina pectoris, and some 

types of arrhythmia.28, 29 Besides its cardiac effects, diltiazem 

has been used to treat or prevent acute kidney injury associated 

with cardiovascular surgery and renal transplantation by 

enhancing glomerular filtration rate, diuresis, and natriuresis.23, 

24 The maximum recommended concentrations for continuous 

IV infusion and IV push are respectively 1 and 5 mg/ml, and 

events observed following diltiazem overdose included 

bradycardia, hypotension, asystole, and AV block.30 Fig. 5(b) 

displays the SERS spectra for diltiazem solutions of varying 

concentrations ranging from 0.977 to 250 µg/ml. The SERS 

spectra of diltiazem solutions exhibit a dominant SERS 

intensity peak located at 1033 cm−1, which can be assigned to 

the ring breathing mode. Using the dominant peak intensity 

value for quantitative analysis of diltiazem, the inset presents a 

calibration curve of the averaged SERS intensity as a function 

of diltiazem concentration with error bars representing ± 1 

standard deviation measured from five different recorded 

locations on the sensor surface (N = 5). The data points in the 

inset were fit using a Langmuir equation with an R2 value of 

0.993.  

 From the calibration curves shown in the insets of Fig. 5(a) 

and (b), we can clearly see that at low concentration range the 

SERS intensity increases linearly with concentration, while at 

higher concentration range the SERS intensity increases slowly 

as the hot spot nanogap sites on the PNA surface gradually 

become fully occupied. For each drug, the limit of detection 

(LOD) is defined as the concentration at which the SERS 

intensity value is equal to three times the standard deviation (σ) 

of five blank intensities at the dominant peak (1487 cm−1 for 

dopamine and 1033 cm−1 for diltiazem). Therefore, by 

substituting three standard deviations (3σ) into the 

correspondingly fit Langmuir equation, the LODs were 

calculated to be 731 ng/ml for dopamine and 455 ng/ml for 

diltiazem. The results suggest that the PNA substrate is capable 

of rapidly identifying dopamine and diltiazem compounds and 

quantitatively detecting the changes in their IV solution 

concentration, hence preventing hazards associated with 

overdose, since the detection limits of the PNA substrate are 

well below their individual maximum allowed IV-delivered 

concentrations. While the diltiazem detection data shown here 

was obtained with the drug dissolved in DI water, in the clinic 

it can be administered in phosphate buffered saline (PBS). We 

have verified that PBS does not generate its own SERS signal. 

Additional information is given in the ESI†. 

 
Fig. 5 SERS spectra of (a) dopamine and (b) diltiazem solutions at various 

concentrations. Individual primary SERS intensity peak can be observed at 1486 

cm−1 for dopamine compound and 1033 cm−1 for diltiazem compound, 

corresponding to the phenyl C=C and C–O stretching modes, respectively. The 

inset in the figure represents a calibration curve of the averaged SERS intensity 

measured at (a) 1486 cm−1 and (b) 1033 cm−1 as a function of analyte 

concentration. The error bars indicate ± 1 standard deviation measured from five 

different recorded locations on the sensor surface (N = 5). The red curve shows 

the Langmuir equation fit to the experimental data. 
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 Promethazine, a phenothiazine derivative, is a commonly 

used injectable medicine that provides clinically useful 

antihistamine, antiemetic, and sedative effects. Promethazine is 

often used to treat and relieve some types of allergy or allergic 

reactions and prevent and reduce nausea, vomiting, and motion 

sickness.31, 32 When administered intravenously, promethazine 

should be given in a concentration no greater than 25 mg/ml. 

Overdose can cause severe tissue injury, including gangrene, 

requiring fasciotomy, skin graft, and/or amputation.33 Fig. 6(a) 

plots the SERS spectra for promethazine solutions of varying 

concentrations ranging from 0.763 to 195.31 µg/ml. The SERS 

spectra of promethazine solutions reveals a primary SERS 

intensity peak located at 1037 cm−1 corresponding to the ring 

breathing mode of the aromatic rings.20 Using the primary peak 

intensity at 1037 cm−1 for quantitative analysis of 

promethazine, the inset shows a calibration curve of the 

averaged SERS intensity as a function of promethazine 

concentration with error bars indicating ± 1 standard deviation 

measured from five different recorded locations on the sensor 

surface (N = 5). Langmuir model offered a good fit for 

the experimental data with an R2 value of 0.999. 

 Mitoxantrone is an anti-cancer (antineoplastic or cytotoxic) 

chemotherapy drug. It is used to clinically treat certain types of 

cancer such as metastatic breast cancer, acute myeloid 

leukemia, and non-Hodgkin’s lymphoma.34 Besides being used 

as antineoplastic agent, mitoxantrone is also applied for therapy 

of multiple sclerosis.20 For mitoxantrone IV injection, the 

recommended dosage is 2 mg/ml, and congestive heart failure, 

tachycardia, and severe myelosuppression will occur when used 

in high doses. Fig. 6(b) displays the SERS spectra for 

mitoxantrone solutions of varying concentrations ranging from 

0.061 to 15.63 µg/ml. The SERS spectra of mitoxantrone 

solutions exhibit two prominent SERS intensity peaks located 

at 461 and 1292 cm−1. The 1292 cm−1 band is the most intense 

feature in the spectra and was assigned to the ring stretching 

mode coupled with C–O motions.35 The inset presents a 

calibration curve of the average SERS intensity measured at 

1292 cm−1 with error bars representing ± 1 standard deviation 

measured from five different recorded locations on sensor 

surface (N = 5). A good fit using a Langmuir equation with an 

R2 value of 0.998 was obtained. 

 The calibration curve presented in the inset of Fig. 6(a) 

shows the similar trend as with the experiments of dopamine 

and diltiazem, while in the case of mitoxantrone, the calibration 

curve (inset of Fig. 6(b)) exhibits a nearly linear response 

because the analyte concentration is within the dynamic range 

of the PNA substrate. Furthermore, mitoxantrone has an 

absorption maximum near a wavelength of 660 nm, allowing an 

excitation source such as a HeNe laser to excite resonant 

vibration modes.36 Such surface-enhanced resonance Raman 

scattering (SERRS) is capable of further amplifying Raman 

scattering signals by 103 – 105 times compared with 

nonresonant SERS in our study since the resonance Raman 

effect usually does not exist in the NIR region.37, 38 Based on 

the fit Langmuir equation and three standard deviation (3σ) 

threshold as the sensor readout resolution, the LODs were 

calculated to be 638 ng/ml for promethazine and 18.6 ng/ml for 

mitoxantrone. Again, the obtained LODs are well below their 

individual maximum allowed IV-delivered concentrations, 

suggesting that the PNA substrate could be used to identify 

promethazine and mitoxantrone compounds and quantitatively 

detect the changes in their IV solution concentration in order to 

prevent the occurrence of medication errors. 

 
Fig. 6 SERS spectra of (a) promethazine and (b) mitoxantrone solutions at various 

concentrations. Individual primary SERS intensity peak can be observed at 1037 

cm−1 for promethazine compound and 1292 cm−1 for mitoxantrone compound, 

corresponding to the ring-breathing mode of the aromatic rings and the ring 

stretching mode coupled with C–O motions, respectively. The inset in the figure 

represents a calibration curve of the averaged SERS intensity measured at (a) 

1037 cm−1 and (b) 1292 cm−1 as a function of analyte concentration. The error 

bars indicate ± 1 standard deviation measured from five different recorded 

locations on the sensor surface (N = 5). The red curve shows the Langmuir 

equation fit to the experimental data. 

 It should be noted that the laser power of 512 µW, delivered 

to the sample via 50× objective (NA = 0.5), was chosen to 

avoid the issues such as photodegradation and photobleaching 

of the analyte. For the Raman setup utilized in the present 

study, the laser spot size (diameter) and the effective probe 

length were respectively characterized to be 3.13 µm and 44.86 

µm. When the laser beam is focused on the surface, the laser 

probe volume (the detection region) is modeled as a cylinder 

with a diameter and a height equivalent to the measured laser 

spot size and half the effective probe length (ESI†). In 

consequence, under the laser illumination area, the number of 

hot spots on the PNA surface is ~ 48 according to a single EM 

hot spot per unit cell area of 4002 nm2, as shown in Fig. 1(b) 

and 2(b). The overall volume of EM hot spots within the laser 

spot area is approximately 0.0022 µm3 based on the volume of 

a single EM hot spot of 45375 nm3 by assuming that the hot-

spot region is bounded by the distance where the enhanced 

electric intensity decays to 1/e2 of its maximum value in FDTD 
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simulation results. For this reason, only those analytes residing 

within or in close vicinity to the SERS-active volume of 0.0022 

µm3, which supports the regions of highly intense EM 

enhancement associated with LSPR, contribute a predominant 

portion of the overall measured signal, while analytes far 

beyond the SERS-active volume but nonetheless within the 

laser probe volume are largely responsible for the Raman signal 

although this contribution is very small, as shown in the inset of 

Fig. 3. 

Detection of real-time kinetic drug concentration changes 

The ability to continuously monitor concentration fluctuations 

is essential for SERS sensors to be implemented in the clinical 

environment. In order to investigate real-time detection 

capability of SERS sensor, SERS measurements were made 

with DI water and a 500 µg/ml promethazine solution 

alternately infused through SERS sensor tubing at 

time intervals of 50 s, with SERS spectra acquired every 5 s 

with an integration time of 5 s. Fig. 7(a) shows the kinetic 

sensor response to changes in promethazine concentration by 

monitoring the SERS intensity at 1037 cm−1 as a function of 

time. Likewise, SERS measurements were made with DI water 

and a 2 µg/ml mitoxantrone solution alternately infused through 

SERS sensor tubing at 50 s intervals, and SERS spectra were 

collected using the same measurement interval and integration 

time. Fig. 7(b) shows the sensor kinetic response to changes in 

mitoxantrone concentration by monitoring the SERS intensity 

at 1292 cm−1 as a function of time. Although ordinary IV 

injection rates are relatively low, an infusion rate of 5 ml/min 

was chosen to facilitate the kinetic experiment and minimize 

analyte dispersion (diffusion along tubing) that occurs at the 

interface between different solutions as they are being pumped 

into the tubing. As a consequence, when the analyte solution is 

pumped through the SERS sensor flow cell, analyte molecules 

initially residing in proximity to the PNA surface have an 

increased probability of diffusing across a stagnant layer and 

intersecting the hot-spot regions before being swept away from 

the PNA surface. Conversely, molecules far away from the 

PNA surface will be swept downstream before they can diffuse 

very far.  

 Our detection approach is based upon diffusion of the 

analyte molecules into the SERS-active regions without the 

requirement for surface chemistry, making this method suitable 

for continuous in-line monitoring of IV-delivered drugs, where 

immobilization of capture probes onto the PNA surface by 

selective molecule coating is not desirable. As shown in Fig. 

7(a), delay in sensor response can be observed due to the 

diffusion of molecules in the stagnant boundary layer as 

promethazine solution is pumped through the SERS sensor. By 

contrast, a rapid response in SERS intensity upon exposure of 

the sensor to mitoxantrone solution is shown in Fig. 7(b), 

because mitoxantrone is a highly effective scattering molecule 

and has higher adsorption affinity to the PNA surface than 

promethazine.39 Subsequent cycles of high/low drug 

concentration results in a gradual overall increase in SERS 

intensity for the first ~4 cycles, followed by establishment of 

equilibrium values for the highest and lowest SERS intensity. 

The data in Fig. 7(a) and (b) reveals, after removal of drug from 

the flow stream, an initial rapid decrease in SERS intensity for 

~15 seconds, followed by a more gradual reduction for the next 

15-50 seconds. Although the SERS intensity is continuing a 

downward trend after 50 seconds, the short interval was not 

sufficient to completely wash the drug from the flow cell or 

from the sensor surface. We hypothesize the presence of two 

simultaneous mechanisms that are responsible for the observed 

kinetic behavior. First, the rapid decrease of SERS intensity 

following removal of the drug from the flow stream is the result 

of fluid replacement within the flow cell, and that after ~15 

seconds, given our flow rate (5 ml/min) and the volume of flow 

cell (462 mm3), the fluid has been effectively exchanged 6.3 

times. The more gradual reduction in SERS intensity for the 

time period 15-50 seconds after drug removal is partially the 

result of the stagnant boundary layer at the solid-liquid 

interface that results in the requirement for diffusion of drugs 

for a ~1-2 micron distance before they are effectively displaced 

from the sensor. The potential ability for drug molecules to 

associate with the gold surface through adsorption may also be 

responsible for the slow rate of SERS signal decrease. 

 
Fig. 7 (a) Kinetic plot of SERS intensity at 1037 cm−1 as 500 µg/ml promethazine 

solution and DI water were alternately pumped through the SERS sensor at 50 s 

intervals. (b) Kinetic plot of SERS intensity at 1292 cm−1 as 2 µg/ml mitoxantrone 

solution and DI water were alternately pumped through the SERS sensor at 50 s 

intervals. 

Detection of drug mixtures 

SERS offers a capability for simultaneous detection of multiple 

analytes provided that SERS peaks of analytes of interest have 

little spectral overlap, which provides a potential benefit for 

enhanced patient safety when a combination of two or 

more distinct medications is delivered through an IV line in 

clinical settings. In order to demonstrate the multiplexed 

detection capability of the SERS sensor, mixed solutions of 

promethazine and mitoxantrone at different concentrations were 

introduced to the PNA surface. Fig. 8 shows the SERS spectra 
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for four promethazine and mitoxantrone mixtures where 

individual primary SERS intensity peak for promethazine and 

mitoxantrone can be readily distinguished at 1037 and 1292 

cm−1 from the mixtures, and the intensity values for each drug 

compound were in agreement with the measurements made 

with single drug solutions. Measurements were taken in 

sequence from the top to bottom of Fig. 8, where relative 

changes in the concentrations of two drugs, using the same 

sensor, shows reduction and elimination of the SERS spectra 

when the drug concentration is reduced. Drugs appear not to be 

permanently bound to the sensor surface due to the ability to 

easily eliminate the SERS signal with a simple wash procedure. 

While none of the drugs evaluated in our study were found to 

undergo a chemical reaction with the gold sensor surface, or to 

permanently adsorb to it, the presence of such a molecule 

would be capable of displacing other non-binding molecules 

from the hot spots on the PNA surface, resulting in preferential 

SERS detection. Thus, the measured SERS intensity is the 

result of the number of molecules within illuminated hot spots 

and the molecule’s Raman cross section. Detection of weakly-

adsobing or nonadsorbing molecules at low concentration in the 

presence of chemically reactive or strongly adsorbing 

molecules will be a challenge for any SERS approach. 

 
Fig. 8 SERS spectra of promethazine (PMT) and mitoxantrone (MTX) mixtures, 

PMT, and MTX. Individual primary SERS intensity peaks for both promethazine 

and mitoxantrone compounds can be identified at 1037 and 1292 cm−1, 

respectively.  

Stability and reproducibility of SERS measurements 

The SERS-active PNA surface utilized in this work consists of 

metal-dielectric thin-film coatings that are anchored over the 

entire surface of polymer cylinders adhering to the flexible 

polyester substrate. This robust SERS structure along with a 

reliable SERS EF plays a significant role in the stability and 

reproducibility of measurements. In order to study the stability 

and reproducibility of the SERS sensor, the SERS measurement 

was conducted on the same locations (three recorded locations 

on the PNA surface that were 400 µm apart from each other) 

over a period of 5 days on the SERS sensor filled with 25 

mg/ml promethazine solution. The SERS spectra were captured 

every 24 h from the same locations with an integration time of 

10 s after the initial exposure to the promethazine solution. Fig. 

9(a) represents the SERS spectra of 25 mg/ml promethazine 

solution within the SERS sensor for five days after the initial 

exposure. The inset shows a time course of averaged SERS 

intensity measured at 1037 cm−1 with error bars indicating ± 1 

standard deviation measured from three recorded locations on 

the PNA surface that were 400 µm apart from each other (N = 

3). It is obvious that the 1037 cm−1 band positions and relative 

intensities do not vary significantly over the course of 5 days. 

Moreover, in order to evaluate batch-to-batch reproducibility of 

the SERS sensor, the same experiment was repeated on a fresh 

sensor device made from a separate fabrication batch, as shown 

in Fig. 9(b). The results show that the peak intensity of the 1037 

cm−1 band remains constant as time progresses, indicating that 

the PNA surface remains SERS-active and exhibits a robust 

performance over a period of 5 days. 

 
Fig. 9 SERS spectra of 25 mg/ml promethazine solution within (a) the SERS 

sensor and (b) the SERS sensor made from a separate fabrication batch, up to five 

days after the initial exposure to the promethazine solution. The inset in the figure 

represents a time course of averaged SERS intensity measured at 1037 cm−1. The 

error bars indicate ± 1 standard deviation measured from three recorded locations 

on the PNA surface that were 400 μm apart from each other on the sensor surface 

(N = 3). All spectra were gathered by a 785-nm laser with an output power of 512 

µW and an integration time of 10 s.  

Conclusions 

We have experimentally demonstrated that an in-line SERS 

sensor has a great potential for enhanced safety of current smart 

infusion systems through point-of-care detection and real-time 

monitoring of IV fluids within biomedical tubing. We have 
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demonstrated the ability of SERS sensors to quantitatively 

identify drug compounds and to kinetically monitor changes in 

drug concentration as well as to simultaneously detect a 

combination of two drugs. We have showed that the spectral 

alignment between the LSPR and excitation/Raman scattering 

together with an appropriate chamber height results in detection 

limits in the 19 – 731 ng/ml range well below typical drug 

dosages (mg/ml). Because the nanoreplica molding process 

used to make PNA substrates is an inexpensive and mass-

manufacturing nanofabrication method, and because PNA 

surfaces with consistent nanogap spacing, and hence 

reproducible SERS EF, can be fabricated over a large area 

using this method, SERS sensors reported in this work could be 

practically adopted in a clinical setting as single-use disposable 

devices and make it possible to provide an additional 

verification at the point of care to help avert IV medication 

errors and prevent harm to patients. 
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