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Abstract

Surface-enhanced Raman spectroscopy (SERS) is a sensitive, chemically specific, and short-time 

response probing method with significant potential in biomedical sensing. This paper reports the 

integration of SERS with microneedle arrays as a minimally invasive platform for chemical 

sensing, with a particular view toward sensing in interstitial fluid (ISF). Microneedle arrays were 

fabricated from a commercial polymeric adhesive and coated with plasmonically active gold 

nanorods that were functionalized with the pH-sensitive molecule 4-mercaptobenzoic acid. This 

sensor can quantitate pH over a range of 5 to 9 and can detect pH levels in an agar gel skin 

phantom and in human skin in situ. The sensor array is stable and mechanically robust in that it 

exhibits no loss in SERS activity after multiple punches through an agar gel skin phantom and 

human skin or after a month-long incubation in phosphate-buffered saline. This work is the first to 

integrate SERS-active nanoparticles with polymeric microneedle arrays and to demonstrate in situ 

sensing with this platform.

Graphical Abstract

*Corresponding Authors: milan.mrksich@northwestern.edu. vanduyne@northwestern.edu.
Author Contributions
J.P. and N.Y.-T. contributed equally with designing and conducting the experiments, characterizing the sensor, and analyzing the data. 
E.V.E. and A.-I.H. mentored and supported with many fruitful discussions to develop this work. A.-I.H. contributed to the general 
direction of the project and helped put the project together. B.E.P.W. helped facilitate experiments on human skin through 
experimental design. A.-I.H., M.M. and R.P.V.D. supervised the experimental aspect and the direction of the project.
ǁ(R.P.V.D.) Died July 28, 2019.

The authors declare no competing financial interest.

Supporting Information
The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acs.nanolett.9b02070.
Experimental section with chemicals and materials, instrumentation, detailed information regarding the plasmonic microneedle arrays 
and Au film-over-nano-spheres fabrication and characterization, gold nanorod synthesis and characterization, experimental 
procedures, data acquisition and analysis, and additional experimental results (Figures S1–S11) (PDF)

HHS Public Access
Author manuscript
Nano Lett. Author manuscript; available in PMC 2020 October 09.

Published in final edited form as:
Nano Lett. 2019 October 09; 19(10): 6862–6868. doi:10.1021/acs.nanolett.9b02070.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://pubs.acs.org/
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b02070/suppl_file/nl9b02070_si_001.pdf


Keywords

Plasmonic microneedle arrays; SERS; pH in situ sensing; agar gel skin phantom; human skin

Surface-enhanced Raman spectroscopy (SERS) is a well-established analytical technique 

that can quantitate analytes with high sensitivity, even down to the single molecule level in 

special cases.1,2 In addition to its sensitivity, SERS is rapid and provides structural 

information on analytes, which is a significant benefit in reducing false positive 

measurements. Advances in fabricating highly enhanced SERS substrates have enabled 

Raman scattering enhancement factors of up to 108 relative to normal Raman,3,4 leading to 

its application in both fundamental studies and in a variety of applied studies, including 

catalysis,5 electrochemistry,6 art conservation,7 and in vivo biosensing.8 SERS for 

biomedical applications is an area of interest, particularly for continuous glucose monitoring 

due to its short-time response, but one impediment to such an application has been the 

difficulty of integrating plasmonically enhancing substrates with living tissue, in part 

because implanted sensors undergo biofouling and lose activity,9,10 and because the 

implantation is invasive. Important prior work to detect analytes of interest with SERS in a 

minimally biofouling or invasive way has utilized a polymeric film,11 microcapsules,12 and 

metalized13,14 and paper-based plasmonic microneedles.15 In the present work, we describe 

an approach to minimize invasive SERS devices for biomedical applications by integrating 

plasmonically enhanced nanoparticles (gold nanorods) for SERS with a polymeric 

microneedle array. We demonstrate the effectiveness of the plasmonic microneedle array by 

modifying the gold nanorods with the pH-sensitive molecule 4-mercaptobenzoic acid (4-

MBA) and measuring the pH of solutions, the pH in an agar gel skin phantom, and the pH in 

human skin.

Microneedle arrays supported on a flexible substrate have been developed for minimally 

invasive biomedical applications,16,17 including transdermal drug and vaccine 

delivery16,18–20 and extraction of biofluids such as interstitial fluid (ISF) or blood through 

the skin.21–24 Microneedle sensors have also been used to measure biologically relevant 

analytes in the ISF, including glucose,25,26 pH,26 lactate,26,27 glutamate,28 nerve agents,29 

and alcohol30 using enzyme-based electrochemical methods. ISF biomarker monitoring 

using microneedle arrays and SERS would circumvent potential problems to the standard 

electrochemical techniques (e.g., enzyme degradation31 or instability32). In addition to 

biological analytes in the ISF, the pH of ISF is also important. ISF pH is critical in 

sustaining homeostasis and normal bodily functions.33 Compared to the blood pH that is 

strictly controlled in the normal range (pH 7.35–7.45), the ISF pH can deviate from the 

normal range (pH 6.60–7.60) due to fewer pH-buffering molecules than in blood.33,34 

Deviation from the normal pH range in ISF has been suggested as a biomarker for skin 
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cancers, diabetes mellitus, and other diseases.33,35–38 Thus, in this work we describe an in 

situ pH sensor, both as a demonstration of the SERS activity of the microneedle array 

platform and because pH is important in diagnostic applications.

A schematic representation of the plasmonic microneedle array and pH sensing with 4-MBA 

is shown in Figure 1. The microneedle arrays are prepared from Norland Optical Adhesive 

(NOA) 65 (Figure 2). This polymer consists of mercaptoester functional group, which we 

hypothesize that it allows us to functionalize AuNRs on the polymer surface and is also 

transparent at 785 nm, therefore enabling the collection of the SERS signal through the 

microneedle array and permitting in situ sensing. In addition, biocompatibility of various 

NOAs has been demonstrated; NOA patterns have been used as a cell culture scaffold for 

endothelial cells,39 fibroblasts,40 HeLa cells and neurons,41 and human embryonic stem 

cells42 without any adverse effects. The polymer was cured inside a PDMS mold with 10 

min of 365 nm exposure to produce a microneedle array having a size of approximately 1 

cm2 and with pyramidal microneedles each 300 μm × 200 μm (height × width) with a tip-to-

tip spacing of 500 μm (Figure 3). The Supporting Information describes the fabrication in 

detail.

Gold nanorods (AuNRs) were synthesized using the silver-assisted seed-mediated method 

and stabilized with cetyltrimethylammonium bromide (CTAB).43–45 We selected AuNRs 

with transverse and longitudinal dimensions of 15 and 55 nm, respectively, because particles 

of this size have a plasmon resonance at 785 nm (based on the UV–vis extinction spectrum 

shown in Figure S1) and the Raman scattering enhancement is highest when the excitation 

wavelength overlaps with the extinction maximum of the plasmonic material.

We first treated the microneedle array with ozone, which both sterilizes the surface and 

promotes attachment of the AuNRs to the surface of the microneedles.46,47 The microneedle 

array was then incubated for 24 h in a solution composed of 40 μL of aqueous AuNRs (2 × 

1013 particles/mL) and 1 mL of 10 mM 4-MBA (in 1:1 ethanol/water) that was premixed 

immediately prior to incubation. As the 4-MBA binds to the AuNRs through Au–thiolate 

bond formations, the AuNRs aggregate and deposit onto the surface of the microneedle array 

(Figure 2). 4-MBA functions as a Raman reporter molecule for pH because its carboxylate 

vibrational mode shifts between 1400 and 1425 cm−1 depending on the protonation state, 

which can be detected by SERS and the integrated intensity of that mode provides a measure 

(when calibrated) for the pH of the sensing environment.48 We used this plasmonic 

microneedle array to measure the pH of solutions and an agar gel skin phantom, as well as to 

demonstrate suitable thermal and mechanical stability of the platform. The attachment of the 

AuNRs onto the surface of the microneedles was confirmed by optical microscopy, scanning 

electron microscopy (SEM), and UV–vis extinction spectroscopy (Figure 3). The extinction 

spectrum of the microneedle array with AuNRs shows a broad peak centered around 780 nm 

that represents the AuNR aggregates on the microneedle surface (Figure 3d).

We first calibrated the sensors for pH measurements by collecting SER spectra (Figure 4a,b) 

from three replicate 4-MBA plasmonic microneedle array sensors in Britton-Robinson buffer 

solutions (pH 2–12) and averaging the spectra to produce a measure of precision (Figure 4c). 

Britton-Robinson buffer was chosen to generate a calibration curve in the range between pH 

Park et al. Page 3

Nano Lett. Author manuscript; available in PMC 2020 October 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2 to 12 with 1 pH unit increments. The weak background of NOA 65 was subtracted from all 

4-MBA SER spectra (see Materials and Methods in the Supporting Information for details). 

The carboxylate stretching mode whose Raman peak is centered between 1400 and 1425 cm
−1 increases in intensity and blue shifts (from 1400 to 1425 cm−1) (Figure 4b) with 

increasing pH of the buffer. To control for overall intensity variations, we took the ratio 

between the integrated peak intensity of the carboxylate peak (Acbx) as it shifts between 

1400 and 1425 cm−1 and a mode at 1076 cm−1 (A1076) that is not responsive to pH (Acbx/

A1076). We then normalized this ratio by the maximum ratio (normalized Acbx/A1076). A 

plot of this normalized ratio versus pH gave the expected S-shaped calibration curve and 

revealed that the working pH region (or the linear region) is in the pH range of 5 to 9 (Figure 

4c). We therefore determined a second calibration curve in this range but with smaller (0.2) 

pH increments to characterize the resolution of the sensor (Figure 4d). The resolution of the 

pH sensor is represented as twice the standard deviation at pH 7 (the middle of the curve), 

which in this case is 0.23 pH units.48

We also compared data from our new microneedle sensing platform with a well-known 

SERS substrate, Au film-over-nanospheres (AuFON), with the LSPR appropriate for 785 nm 

excitation wavelength in water (Figure S2).49 We found a small difference in apparent pKa 

value of 4-MBA on the two substrates and we attribute this small change to differences in 

the density of 4-MBA on the two surfaces. The pKa value of 4-MBA in solution (4.8) is 

known to differ from that on a monolayer (7.7) because of electrostatic destabilization of the 

carboxylates.50 For the plasmonic microneedle array, we find the pKa value of 4-MBA is 

7.13 (Figure S3). The pKa of 4-MBA on the AuFON is 7.38, which suggests that the density 

of 4-MBA is slightly lower on AuNR aggregates than on the AuFON. What this indicates is 

that the two platforms are comparable and function over similar pH ranges.

We next demonstrated that the sensor has the properties required for in situ sensing by 

measuring the pH inside a skin phantom agar gel. A SER spectrum of the plasmonic 

microneedle array was collected in air (Figure 5a, black trace) as a baseline before punching 

the microneedle arrays into an agar gel skin phantom. The plasmonic microneedle array was 

punctured into the agar gel skin phantom by pressing the gel onto the microneedle arrays by 

hand and SER spectra were collected through the microneedle array while it was in the skin 

phantom. The carboxylate peak at 1400 cm−1 (Figure 5a, black trace) increases in intensity 

and shifts to 1421 cm−1 when the microneedles are in the agar gel (Figure 5a, blue trace). 

The sensor was then taken out of the skin phantom and the SERS was measured again after 

rinsing it with water (Figure 5a, red trace). The resulting SER spectra before and after 

penetrating the agar gel were the same, showing the reversibility of the sensor. The 

mechanical robustness of the sensor was demonstrated by puncturing an agar gel skin 

phantom 10 times and observing that the SERS activity of the sensor was unchanged by the 

repeated puncturing (Figure 5b). To more robustly demonstrate the reversibility of the pH 

sensing, we collected SER spectra of the microneedle sensor after cycling the pH of the 

buffer solution between pH 2 to 12 and found that no signal loss occurred after six cycles 

(Figure 4e).

The stability of the sensor was then tested by incubating a microneedle array in phosphate-

buffered saline for one month. As shown in Figure 5c, the SERS activity was unchanged by 
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the incubation as compared to a freshly prepared microneedle array. Additionally, the 

extinction spectrum of the microneedle sensor was taken every week during the month-long 

incubation to observe the presence of AuNR aggregates. As shown in Figure S6, the AuNR 

aggregates, represented by a broad peak around 780 nm, are still present on the microneedle 

array surface as of the final week.

To translate this study to ex vivo sensing, we applied the plasmonic microneedle array 

sensor to human skin (details in the Supporting Information). We determined the penetration 

depth of the microneedle array in skin using optical coherence tomography (OCT) and the 

sensor’s ability to measure pH in situ by SERS. Compared with the flat region of the array 

as a control, the region with microneedles shows that microneedles can be placed in skin 

(Figure S7). Next, to change and measure the skin pH in the range between pH 6.6 and 7.6 

(ISF pH) we incubated human skin in Dulbecco’s phosphate-buffered saline (DPBS) with 

pH 6.6, 7.1, and 7.6 for 12 h while replacing the buffer solution every 2 h. As shown in 

Figure S8, the incubation was performed in a Petri dish while the tissue floated on a metal 

mesh boat so that the dermal side is in contact with the buffer solution and the top part (the 

stratum corneum) remains dry. After incubation, we dried the bottom of the skin with clean 

lab tissue paper and inserted a microneedle array in the skin. We then acquired SERS while 

the laser was focused through the polymer and onto the tips, as with the agar gel skin 

phantom. As controls, SER spectra of a microneedle array sensor was taken in the DPBS 

buffer solution in which the human skin was incubated. As shown in Figure 5d, compared to 

the controls, the Acbx/A1076 corresponds well with the measurement from the skin. We then 

characterized the microneedle array sensor after puncturing human skin using UV–vis, 

SERS, and SEM. The SERS signal (Figure S9a) was stable and light extinction spectra 

(Figure S9b) showed AuNR aggregates present after puncturing human skin (with pH 6.6, 

7.1, and 7.6). SEM images of microneedle arrays after insertion in human skin showed that 

the microneedles were still intact with AuNR aggregates present on the surface (Figure S10). 

Lastly, to test the mechanical stability of the sensor, the microneedle sensor was applied to 

human skin tissue repeatedly (10 punches). The SER spectra before and after 10 punches 

showed no loss of 4-MBA signal (Figure S11).

From the ex vivo study, we demonstrated the sensing ability and the mechanical robustness 

of the plasmonic microneedle arrays after insertion in skin. The next step is to investigate the 

toxicity and the lifetime of the sensor after a long period in skin. In order to do so, in vivo 

studies should be performed. Our studies have not characterized the long-term stability and 

performance of the sensor arrays in animal models, and we are not able to comment on the 

stability of the sensor to biofouling and any toxicity.

In conclusion, we report the design and fabrication of a plasmonic microneedle array SERS 

sensor and demonstrate its SERS activity to measure different pH levels in solutions, in an 

agar gel skin phantom, and in human skin. Measurement of pH with this sensor was both 

reversible and reproducible. The use of surface chemistries that provide reports of other 

molecular analytes, together with the mechanical and optical properties of the microneedle 

array, offer a strategy for sensing a variety of relevant analytes in interstitial fluids.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic representation of plasmonic microneedle array. (a) Array of polymer 

microneedles that are coated with gold nanorods (AuNRs) that are further functionalized 

with 4-MBA. This molecule is deprotonated at high pH and the intensity of the carboxylate 

vibrational mode in SERS can be correlated with the pH of the sensing environment. (b) The 

pH-sensitive molecule 4-MBA can be protonated at an acidic pH (pH 2) and deprotonated at 

a basic pH (pH 12).
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Figure 2. 
Schematic for the fabrication of the plasmonic microneedle array. A commercial PDMS 

mold (blue) is filled with the NOA prepolymer (orange) and cured with UV exposure (365 

nm) to give the polymer microneedle array (gray). Following ozone treatment, the AuNRs 

(yellow) were deposited onto the surface of the array in the presence of the Raman reporter 

molecule 4-MBA resulting in situ AuNRs aggregation and formation of a self-assembled 

monolayer of 4-MBA on the AuNRs.
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Figure 3. 
Imaging and optical characterization of plasmonic microneedle array. (a) Optical image of 

the microneedle array (scale bars are 500 and 100 μm (inset)), (b) scanning electron 

micrograph of the microneedle array (scale bars are 200 and 100 μm (inset)), (c) scanning 

electron micrograph of AuNR aggregates on the side of a microneedle tip (1 μm scale bar) 

with contrast-adjusted scanning electron micrograph of an individual aggregate (inset, 100 

nm scale bar), (d) light extinction spectra of microneedle (MN) array with (red trace) and 

without (black trace) AuNRs.
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Figure 4. 
SERS activity of the plasmonic microneedle array. (a) SER spectra of 4-MBA on the 

plasmonic microneedle array in Britton-Robinson buffers (pH 2–12) with 1 pH unit 

increments. (b) Magnified spectra centered around the pH-sensitive 1400 cm−1 peak. For 

each pH level, seven spectra were collected from separate microneedle tips and averaged. (c) 

Calibration curve for the plasmonic microneedle array (MN, red trace) and for a standard 

SERS substrate (AuFON, black trace) over the entire pH 2–12 range. Error bars represent 

standard deviation. For MNs, seven spectra per pH increment were collected and averaged 

from three different samples (n = 3). For the AuFON, five spectra were collected from 

different spots across one sample per pH increment (n = 5). The parameters for the SER 

collection were λex = 785 nm, tacq = 1 min, Pex = 1 mW for MNs, and λex = 785 nm, tacq = 
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1 min, Pex = 270 μW for AuFON. (d) Calibration curve for the linear response range (pH 5–

9) for the plasmonic microneedle array collected with 0.2 pH unit increment. (e) Cycling the 

pH (pH 2–12) of the plasmonic microneedle array environment demonstrating the 

reversibility of the sensor (six cycles).
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Figure 5. 
Mechanical and thermal stability of plasmonic microneedle arrays. (a) SER spectra of 4-

MBA on a plasmonic microneedle array before puncturing an agar gel skin phantom (black 

trace), while punctured (blue trace), and after puncturing (red trace). (b) SER spectra of 4-

MBA on a plasmonic microneedle array before (black trace) and after (red trace) 10 punches 

into an agar gel skin phantom. (c) SER spectra of 4-MBA on a plasmonic microneedle array 

immediately after fabrication (black trace) and on a separate plasmonic microneedle array 

that was incubated for one month in 1× PBS (green trace). (d) Comparison plot of Acbx/

A1076 of MN array with AuNRs functionalized with 4-MBA inserted in human skin versus 

in DPBS solutions with pH 6.6, 7.1, and 7.6. Each point is an average of seven different 

microneedle tips, the error bars are the standard deviation at each pH, and the measurements 
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were done by focusing the laser through the polymer and on the tips. The parameters for the 

SERS data acquisitions were λex = 785 nm, 20× ELWD objective, tacq = 1 min, Pex = 1 mW.
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