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Abstract

The photocleaving dynamics of colloidal micro-RNA-functionalized nanoparticles are studied 

using time-dependent second harmonic generation (SHG) measurements. Model drug-delivery 

systems composed of oligonucleotides attached to either silver nanoparticles or polystyrene 

nanoparticles using a nitrobenzyl photocleavable linker are prepared and characterized. The 

photoactivated controlled release is observed to be most efficient on resonance at 365 nm 

irradiation, with pseudo-first-order rate constants that are linearly proportional to irradiation 

powers. Additionally, silver nanoparticles show a 6-fold plasmon enhancement in photocleaving 

efficiency over corresponding polystyrene nanoparticle rates, while our previous measurements on 

gold nanoparticles show a 2-fold plasmon enhancement compared to polystyrene nanoparticles. 

Characterizations including extinction spectroscopy, electrophoretic mobility, and fluorimetry 

measurements confirm the analysis from the SHG results. The real-time SHG measurements are 

shown to be a highly sensitive method for investigating plasmon-enhanced photocleaving 

dynamics in model drug delivery systems.

Graphical Abstract

*Corresponding Author. lhaber@lsu.edu. Phone: (225) 578-7965. 

ASSOCIATED CONTENT
Supporting Information
The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acs.langmuir.6b02538.

Details of the sequences and the photocleaving process, fluorescence signal of the SNPs before and after miRNA 
functionalization, measured SHG electric fields from miRNA-functionalized PSNPs as a function of irradiation time 
with 365 nm at different UV laser average powers, electrophoretic mobility of the miRNA-functionalized SNPs under 
different UV irradiation times, and ζ potential of the miRNA-functionalized SNPs under varying UV irradiation times 
(PDF)

The authors declare no competing financial interest.

HHS Public Access
Author manuscript
Langmuir. Author manuscript; available in PMC 2017 October 11.

Published in final edited form as:
Langmuir. 2016 October 11; 32(40): 10394–10401. doi:10.1021/acs.langmuir.6b02538.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.langmuir.6b02538
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.6b02538/suppl_file/la6b02538_si_001.pdf


INTRODUCTION

Short nucleic acids such as microRNA (miRNA) and small interfering RNA (siRNA) play a 

significant role in posttranscriptional gene regulation, silencing, and profiling.1–3 These 

short RNA molecules are important in classifying and controlling tumor growth and cell 

differentiation, as well as other biological processes.4–6 In order to use miRNA or siRNA as 

a therapeutic, it is important that the oligonucleotides are protected before entering the 

bloodstream to avoid degradation.7–9 One approach for oligonucleotide protection involves 

modification with a bifunctional photolinker that connects to a colloidal metallic 

nanoparticle through a thiol bond.10,11 Photocleaving of the photolinker then releases the 

active oligonucleotide from the nanoparticle surface, leading to the corresponding regulation 

of gene expression.12 Although similar systems have been developed for programmed 

release, light activation is especially desirable because it provides a high degree of spatial 

and temporal control of miRNA delivery.10,13

Metallic nanoparticles such as gold nanoparticles (GNPs) and silver nanoparticles (SNPs) 

are promising for biological applications due to their biocompatibility, ease of synthesis, and 

convenient chemical functionalization with drug, oligonucleotide, and protein 

molecules.14–16 Gold and silver nanoparticles have surface plasmon resonances 

characterized by the coherent oscillation of free electrons upon interaction with incident 

light leading to the enhancement of optical scattering and absorption processes.17–21 These 

nanoparticles are also ideally suited for contrasting agents, cellular imaging, and exothermic 

reactors.22,23 Additionally, silver nanoparticles have wound healing antimicrobial 

activities,24 demonstrate negligible cytotoxicities in small doses,25,26 and can be utilized for 

drug-delivery applications in photoactivated gene silencing.27,28 Plasmonic release of 

oligonucleotides has been studied from the surface of colloidal gold nanoparticles.29–32 

Previously, we have investigated the kinetics of photoactivated controlled-release of miRNA 

from the surface of colloidal gold nanoparticles using time-resolved second harmonic 

generation (SHG).33

Nonlinear optical spectroscopy is a powerful surface-sensitive method for probing 

phenomena in biology and nanotechnology.34–40 Second harmonic generation is a nonlinear 

spectroscopy that is especially useful for probing the surface of colloidal nanoparticles.41–49 

In SHG, two incident photons of frequency ω combine to produce a photon of frequency 2ω. 

Second harmonic generation is dipole forbidden in centrosymmetric bulk media, but it can 

be generated from the colloidal nanoparticle surface where the inversion symmetry is 
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broken. The SHG signal from a charged interface has contributions from the second-order 

and third-order nonlinear susceptibilities, χ(2) and χ(3), respectively. The χ(2) term 

originates from the surface-specific two-photon spectroscopy of the nanoparticle, while the 

χ(3) term depends upon the polarization of the bulk solvent molecules induced by the 

electric field of the nanoparticle surface. The SHG electric field, ESHG, is proportional to the 

square root of the intensity of the SHG signal, with50–58

where Eω is the electric field of the incident laser beam with frequency ω and ϕ0 is the 

electrostatic surface potential of the nanoparticle.

In this paper, the efficiency of light-activated release of oligonucleotides from the surface of 

silver, gold, and polystyrene nanoparticles are compared by using SHG spectroscopy. The 

size of the nanoparticles are all roughly 65 nm diameter, and they are functionalized with 

miRNA-148b and a nitrobenzyl photocleaveable (PC) linker. Additional information on the 

miRNA functionalization of the colloidal nanoparticles is described in the Supporting 

Information. The functionalized nanoparticles are irradiated with varying laser powers and 

wavelengths and are simultaneously probed by SHG from 800 nm laser pulses to study the 

kinetics of the photocleaving process. The probe laser itself shows no photoreleasing effect 

on the sample. Careful analysis of the power and wavelength dependent data shows that the 

photolysis is a one-photon process. By comparing the releasing rates of oligonucleotides 

from three different nanoparticles, it is found that the photolysis is enhanced by the plasmon 

of the silver nanoparticle. The SHG studies at different laser powers and wavelengths are 

directly compared to corresponding fluorescence quantification measurements and 

extinction spectra for each sample and experimental condition.

SYNTHESIS AND CHARACTERIZATION OF NANOPARTICLES

The colloidal silver nanoparticles are prepared in water by reduction of silver nitrate using 

citrate and ascorbic acid in the presence of potassium iodide,59 followed by miRNA 

functionalization. Briefly, an aqueous solution of 2.54 mL containing 5.91 mM silver nitrate, 

13.4 mM sodium citrate, and 1.54 µM potassium iodide is added to 47.5 mL of 210 µM 

ascorbic acid in nanopure water under boiling and vigorous stirring conditions. The solution 

is boiled for an hour during which the color changes from colorless to light yellow resulting 

in relatively monodisperse, spherical, colloidal silver nanoparticles. miRNA is 

functionalized to the surface of nanoparticles via a “salt-aging” technique as described 

previously,10,33 where 2.5 µL of 0.8 µg/µL miRNA (PC-miR-148b) labeled with a 6-

TAMRA fluorophore group and modified with a thiolized photocleaveable spacer is added to 

1 mL of the silver nanoparticle solution. The samples are then left to incubate under gentle 

agitation conditions for a 24 h period. After incubation, 10 µL of 0.035 M sodium dodecyl 

sulfate (SDS) solution and 20 µL of 0.01 M phosphate-buffered saline (PBS) solution are 

added to each sample of colloidal nanoparticles, followed by an additional 3 h of incubation. 

Afterward, three rounds of the addition of 10 µL of 2 M Tris–sodium chloride solution with 
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4 h of incubation between each salting step is applied. The miRNA-functionalized 

nanoparticles are purified via centrifugation and finally resuspended in nanopure water.

For the polystyrene sulfate nanoparticles (PSNPs), a thiol–amine cross-linker succinimidyl 

4-(N-maleimidomethyl) cyclohexane-1-carboxylate (SMCC) is used to functionalize the 

thiolated oligo to the nanoparticle surface.60 Here, 70 µL of 1 mg/mL SMCC in dimethyl 

sulfoxide solvent is added to 1 mL of the 1% amine-functionalized 60 ± 5 nm PSNP 

aqueous solution. The SMCC–PSNP mixture is allowed to rock overnight at room 

temperature, then is centrifuged and resuspended in nanopure water before adding the 

miRNA. The same procedure for the miRNA functionalization as described above is then 

followed for the PSNP sample.

The nanoparticles are characterized using dynamic light scattering (DLS), transmission 

electron microscopy (TEM), ζ-potential, fluorimetry, and extinction spectroscopy 

measurements. Representative TEM images of the silver nanoparticles before and after 

miRNA functionalization are shown in Figure 1a,b, respectively. From a survey of 

nanoparticle images, the average nanoparticle diameter is determined to be 65 ± 7.5 nm. 

Using dynamic light scattering, the hydrodynamic diameter of the SNPs before miRNA 

functionalization is measured to be 66 ± 18 nm, and the hydrodynamic diameter increases to 

127 ± 25 nm after miRNA functionalization. Figure 2 shows the experimental extinction 

spectrum of the colloidal silver nanoparticles (red solid line) when compared with a Mie 

theory fit (black dotted line) using a concentration of 9.55 × 109 nanoparticles/mL. The 

localized surface plasmon peak for silver nanoparticles is observed at 424 nm. Figure 3 

displays the electrophoretic mobility of nanoparticles before and after miRNA 

functionalization. The electrophoretic mobility of the SNPs is measured to be (−2.60 ± 0.53) 

× 10−8 m2/(V s) with a corresponding ζ potential of −49.80 ± 10.17 mV using Huckel’s 

approximation.33,61 The electrophoretic mobility of the miRNA-functionalized SNPs is 

measured to be (−3.86 ± 0.60) × 10−8 m2/(V s) with a corresponding ζ-potential of −74.80 

± 11.40 mV. Additional characterizations are shown in the Supporting Information.

EXPERIMENTAL SETUP

The controlled release of miRNA from the surface of colloidal nanoparticles is performed 

using an experimental setup, which has been previously described.39 Briefly, the 

experimental setup consists of an ultrafast laser system, an optical setup, and a high sensitive 

charged-coupled device (CCD) detector connected to a monochromator. A titanium:sapphire 

oscillator laser with 70 fs pulses centered at 800 nm at an 80 MHz repetition rate and an 

average power of 2.6 W is used. A portion of the oscillator beam passes through a beam 

splitter to seed the amplifier laser, and the remaining portion is used for the SHG 

measurements. An amplified laser (75 fs, 800 nm, 10 kHz, 7 W) pumps an optical 

parametric amplifier (OPA) to generate the wavelength-tunable photocleaving irradiation 

beam with 100 fs pulses at a 10 kHz repetition rate. For SHG measurements, the 800 nm 

probe laser from the oscillator is attenuated to an average power of 790 mW before being 

focused to a 1 cm × 1 cm quartz cuvette containing the sample at a concentration of 8.3 × 

109 nanoparticles/mL. The photocleaving irradiation beam at the desired wavelength and 

power is directed to the sample at 90° with respect to the SHG probe laser. The SHG from 
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the nanoparticle sample is measured as a function of time using different photocleaving 

irradiation wavelengths and average powers. An integrated Labview program controls a 

magnetic stir bar and a beam block to open and shut every 30 s in synchronization with 

automated data acquisition for background-subtracted time-dependent SHG measurements.

RESULTS AND DISCUSSION

The photocleaving controlled release of miRNA from the surface of silver nanoparticles and 

polystyrene nanoparticles is measured in real time using second harmonic generation. The 

obtained results are compared with our previous studies on miRNA-functionalized gold 

nanoparticles.33 Representative SHG spectra of SNPs and miRNA-functionalized SNPs are 

shown in Figure 4a. The SHG peak from the 800 nm probe laser is located at 400 nm, as 

expected, with full width half-maximum of 4.5 nm. The small signal at longer wavelengths 

is due to the two-photon fluorescence from the SNPs. The SHG signal intensity from 

miRNA-functionalized SNPs is approximately four times higher than the corresponding 

SHG signal from the SNPs using the same laser conditions and nanoparticle concentrations. 

The higher SHG signal in the miRNA-functionalized SNPs is mainly attributed to the 

negatively charged phosphate groups of the oligonucleotides, which increase the surface 

charge density magnitude and the corresponding surface potential, resulting in a larger χ(3) 

term. This interpretation is consistent with previous work and with our earlier results on 

miRNA-functionalized GNPs.10,33,58,62 The 6-TAMRA fluorophore has negligible 

contribution to the SHG signal because it has negligible absorption near the 800 nm probe 

and 400 nm SHG wavelengths. Figure 4b shows representative SHG spectra from the 

miRNA-functionalized SNPs at different UV-irradiation times of 0, 90, and 800 s using 365 

nm irradiation with a 20 mW average power. The decrease in SHG intensity under 

increasing UV-irradiation time is due to the photocleaving of miRNA from the colloidal 

SNP surface, resulting in a decrease of the nanoparticle surface charge density magnitude 

and a smaller χ(3) term.

The results from control experiments are shown in Figure 5a where the variation of the SHG 

intensity as a function of the UV-irradiation time is displayed for the SNPs and the miRNA-

functionalized SNPs. The SHG signal from the miRNA-functionalized SNP sample remains 

constant over time using the 800 nm probe laser, indicating that no photocleaving occurs 

from the probe laser alone. Similarly, the SHG signal from the SNP sample remains constant 

over time when both the 800 nm probe laser and the UV laser at 365 nm with an average 

power of 20 mW are used. However, the SHG intensity from the miRNA-functionalized 

SNP sample decreases and asymptotically reaches a minimum value when using both the 

probe laser and the UV laser. The minimum of the time-dependent SHG signal from the 

miRNA-functionalized under UV irradiation is equal to the corresponding signal of the 

SNPs, indicating complete photocleaving of oligonucleotides from the surface of 

nanoparticles.

A wavelength-dependent study on the photocleaving process is shown in Figure 5b. The 

error bars are included in Figure 5a,b but are mostly smaller than the data points. The 

irradiation laser wavelength is varied from 300 to 500 nm, and time-dependence of the SHG 

signal is measured to determine the photocleaving rate under a constant average irradiation 
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laser power of 20 mW. The fastest decay of the SHG signal is observed at 365 nm 

irradiation, in agreement with previous measurements on miRNA-functionalized gold 

nanoparticles,33 indicating the photocleaving peak resonance. Relatively rapid photocleaving 

kinetics are also observed at irradiation wavelengths between 345 and 460 nm. Much slower 

photocleaving is observed using irradiation at 330 nm, while almost no photocleaving is 

observed with irradiation at 300, 320, and 500 nm, which are far from the photocleaving 

resonance.

The wavelength-dependent photocleaving rates in the plasmonic miRNA-functionalized 

SNPs are compared with corresponding measurements in the nonplasmonic miRNA-

functionalized polystyrene nanoparticles in order to determine the role of plasmonic 

enhancement of the photocleaving process. The time-dependent SHG signals from the 

miRNA-functionalized PSNPs are shown in Figure 6 under varying irradiation wavelengths 

from 300 to 500 nm at 20 mW. The photocleaving rates from the miRNA-functionalized 

PSNPs are lower than the corresponding photocleaving rates from the SNP sample.

The photocleaving rate constants at different irradiation wavelengths are determined for the 

miRNA-functionalized SNPs and PSNPs by fitting the SHG data using a pseudo-first-order 

exponential rate equation, as described previously.33 The SHG electric field can be described 

by the equation ESHG = A + B[C], where A is an offset, B is a proportionality constant, and 

[C] is the cumulative concentration of miRNA attached to the surface of nanoparticles. As 

noted earlier, the change in ESHG as a function of attached miRNA at the nanoparticle 

surface is attributed mainly to the surface charge density and the resulting χ(3) term.33,58,62 

Under the UV irradiation-induced photocleaving, the attached miRNA concentration should 

exponentially decay in time t according to the equation, [C](t) = [C]0 e−k′t, where [C]0 is the 

initial concentration of miRNA attached to the nanoparticle surface and the pseudo-first-

order rate constant k′ is linearly proportional to the UV laser intensity, assuming that the 

photocleaving is a single-photon process.

The resulting rate constants for the miRNA-functionalized SNP and PSNP samples 

determined from the pseudo-first-order fits are plotted as a function of the irradiation 

wavelength in Figure 7. Both miRNA-functionalized nanoparticles show a maximum rate of 

photocleaving at 365 nm due to the characteristic resonance peak of the photocleaving 

process. The miRNA-functionalized SNPs show greatly enhanced photocleaving rate 

constants compared to the PSNPs over the irradiation wavelengths from 350 to 450 nm due 

to plasmon enhancement. The plasmon resonance of the SNPs cause enhanced optical fields 

near the nanoparticle surface leading to plasmon-enhanced photocleaving over the 

wavelength range of the SNP plasmon resonance, which directly overlaps with the 

photocleaving resonance of the nitrobenzyl linker. The PSNP sample has no associated 

plasmon resonance, so its rate constants are attributed to the nitrobenzyl linker alone.

The power-dependent photocleaving of the miRNA-functionalized SNPs and PSNPs is also 

studied for additional insight. Figure 8a shows the SHG electric field from miRNA-

functionalized SNPs as a function of UV irradiation time using 365 nm at different UV laser 

powers. The rate constants from the miRNA-functionalized SNPs obtained at the laser 

powers of 15, 25, 35, 45, 55, and 75 mW are (4.9 ± 0.1) × 10−3, (8.6 ± 0.2) × 10−3, (12.4 
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± 0.6) × 10−3, (16.1 ± 0.3) × 10−3, (18.0 ± 0.2) × 10−3, and (26.3 ± 0.6) × 10−3 s−1, 

respectively. Corresponding results from the miRNA-functionalized PSNPs are shown in the 

Supporting Information. The photocleaving rate constants for the miRNA-functionalized 

SNPs and PSNPs are plotted as a function of the UV laser average powers in Figure 8b. The 

error bars are included in Figure 8a,b but are mostly smaller than the data points. The 

previously obtained GNP data33 are included for direct comparison. The linear variation of 

the rate constants as a function of the UV laser power is consistent with a pseudo-first-order 

kinetics model, indicating that the photocleaving is a one-photon process for all nanoparticle 

samples investigated. The slopes obtained for miRNA-functionalized SNPs and PSNPs are 

(3.48 ± 0.12) × 10−4 s−1 mW−1 and (5.45 ± 0.28) × 10−5 s−1 mW−1, respectively, with 

corresponding y-intercepts of (1.3 ± 6.0) × 10−4 s−1 and (0.2 ± 1.4) × 10−4 s−1, respectively. 

Here, the y-intercepts are equal to zero to within experimental uncertainty, in agreement 

with the observation that no photocleaving occurs without UV irradiation. The ratios of the 

slopes of the change in the rate constants under changing UV laser powers for the SNPs and 

GNPs compared to the PSNPs provide a direct method for determining the plasmon 

enhancement factors. Using this method, the plasmon enhancement factors for 

photocleaving in the SNPs and GNPs are 6.4 ± 0.4 and 2.3 ± 0.2, respectively. The SNP 

enhancement is much higher because its plasmon resonance directly overlaps with the 

photocleaving resonance wavelength of the nitrobenzyl linker. The GNP plasmon is centered 

near 540 nm, and its extinction near 365 nm is dominated by the electronic interband 

transition,45,63 causing a decrease in the relative optical field enhancement.

Additional characterization measurements are performed to confirm the analysis obtained 

from the SHG results. Figure 9 shows the extinction spectra of the SNPs, the miRNA-

functionalized SNPs, and the miRNA-functionalized SNPs after laser irradiation with 330, 

365, and 435 nm at an average power of 20 mW for 14 min. The plasmon peak of the SNP 

sample shifts from 424 to 435 nm after functionalization with miRNA due to the change in 

the dielectric constant at the nanoparticle surface. The plasmon peak of the miRNA-

functionalized SNPs blue shifts back toward the SNP spectrum under UV laser irradiation. 

After 365 nm irradiation, the miRNA-functionalized SNPs plasmon spectrum closely 

matches the SNP spectrum, indicating complete photocleaving. The miRNA-functionalized 

SNP spectra deviate from the SNP after 330 and 435 nm irradiation, indicating incomplete 

photocleaving.

Quantification of the miRNA released from the nanoparticle surface is obtained from 

fluorescence measurements of the 6-TAMRA labeling fluorophore in the centrifuged 

supernatants following laser irradiation or chemical reduction according to the procedure 

described previously.33 Figure 10 shows the fluorescent signal from the miRNA-

functionalized SNPs after 14 min irradiation with 20 mW average power for wavelengths 

ranging from 300 to 800 nm. These measurements are compared to the supernatants after the 

addition of dithiothreitol (DTT) for compete reduction and chemical detachment of the 

miRNA. Irradiation with 365 nm shows maximum photocleaving corresponding to complete 

release, to within experimental uncertainty. Irradiation at other wavelengths show partial 

photocleaving, with negligible photocleaving at 300 and 800 nm, in agreement with the SHG 

measurements. The concentration of the SNPs is determined by inductively coupled plasma 

optical emission spectroscopy (ICP-OES). When combined with the fluorimetry 
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measurements, the average oligonucleotide surface densities are determined to be (5.92 

± 0.76) × 10−3 and (6.18 ± 0.45) × 10−3 oligo/nm2 for the SNPs and PSNPs, respectively, 

corresponding to coverages of 79 ± 10 oligo/nanoparticle and 70 ± 5 oligo/nanoparticle, 

respectively.

CONCLUSION

The photocleaving dynamics from model oligonucleotide therapeutic delivery systems are 

studied using time-dependent second harmonic generation measurements. The 

photocleaving rates from the surface of colloidal miRNA-functionalized silver nanoparticles 

and polystyrene nanoparticles in water are obtained using different laser irradiation 

wavelengths and powers. The photocleaving rate is maximized using the irradiation 

wavelength of 365 nm, which is on resonance with the nitrobenzyl linker. A linear variation 

of the photocleaving rate constant under varying irradiation laser powers is observed, 

demonstrating that the associated kinetics are described by a one-photon process. The 

miRNA-functionalized silver nanoparticles show a plasmon enhancement factor of 6.4 ± 0.4 

when compared to the photocleaving rates from corresponding measurements in the 

polystyrene nanoparticles. Electrophoretic mobility, extinction spectroscopy, and fluorimetry 

measurements are used to verify the analysis of the SHG results, which are compared to 

previous investigations on gold nanoparticles. Second harmonic generation is shown to be a 

very sensitive nonlinear optical technique for investigating real-time plasmonenhanced 

photocleaving for potential drug-delivery systems.

MATERIALS AND METHODS

Chemicals and Reagents

For silver nanoparticle synthesis, silver nitrate (≥99%), sodium citrate dihydrate (≥99%), 

potassium iodide (≥99%), phosphate buffer saline solution (PBS), sodium chloride (≥98%), 

anhydrous ethanol, and dithiothreitol (1 M) were purchased from Sigma-Aldrich, and 

ascorbic acid (≥99%) was purchased from Sigma Life Science. Custom modified 

miRNA-148b was received from Trilink Bio Technologies. Diethylpyrocarbonate water was 

purchased from Ambion, sodium dodecyl sulfate (≥99%) from VWR, and 

tris(hydroxymethyl) aminomethane (≥99.9%) solid from Amresco. The 1% polystyrene 

nanoparticle solution with amine functionalization was purchased from Nanocs, and 

succinimidyl 4-(N-maleimidomethyl) cyclohexane-1-carboxylate (≥99%) was received from 

Thermo Fisher. Nanopure water with resistivity greater than 18.2 MΩ was used as a solvent 

during the synthesis of the miRNA-functionalized nanoparticles, as well as for spectroscopic 

measurements.

Characterization of Nanoparticles

ζ-Potential and dynamic light scattering measurements were taken by Zetasizer Nano ZS 

from Malvern Instruments Inc., UK. Fluorescence measurements were performed using a 

Wallac VICTOR2 V1420-040 Multilabel Counter fluorimeter and extinction measurements 

were done using UV/vis spectrometer from PerkinElmer, Boston, USA. The TEM images 

were obtained using a high resolution JEOL JEM-2011 with a Gatan SC1000 CCD camera 
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and an EDAX EDS. The ICP-OES measurement was performed to quantify the 

nanoparticles using a Varian Vista-MPX, Palo Alto, CA, USA.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Representative TEM images of (a) silver nanoparticles having size 65 ± 7.5 nm and (b) 

miRNA-functionalized silver nanoparticles.
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Figure 2. 
Extinction spectra of 65 ± 7.5 nm colloidal silver nanoparticles in water (red line) compared 

with Mie theory (dotted black line).
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Figure 3. 
Electrophoretic mobility plot of silver nanoparticles before and after miRNA 

functionalization showing the measured averages (solid and dotted black lines, respectively) 

and corresponding standard deviations (red and green areas, respectively).
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Figure 4. 
(a) SHG spectra of the colloidal silver nanoparticles and the miRNA-functionalized silver 

nanoparticles. (b) SHG spectra of miRNA-functionalized colloidal silver nanoparticle 

sample after different UV irradiation times using 365 nm with 20 mW average power. The 

probe laser is fixed at 800 nm.
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Figure 5. 
(a) For control experiments, the time-dependent SHG signal remains constant for both the 

miRNA-functionalized SNPs using the 800 nm probe laser only (blue data) and the SNPs 

using the 800 nm probe and the UV laser at 365 nm (black data). The SHG of the miRNA-

functionalized SNPs decreases as a function of time under irradiation with the UV laser at 

365 nm (red data). (b) Time-dependent SHG measurements of the miRNA-functionalized 

SNPs using different UV and visible laser wavelengths at 20 mW average power to 

determine the photocleaving dynamics.
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Figure 6. 
Time-dependent SHG signals showing the photocleaving of miRNA-functionalized 

polystyrene nanoparticles using different irradiation wavelengths.
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Figure 7. 
Photocleaving rate constants of the miRNA-functionalized SNPs and PSNPs at different 

irradiation wavelengths using 20 mW average power.
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Figure 8. 
(a) Measured SHG electric field from miRNA-functionalized SNPs as a function of 

irradiation time with 365 nm at different UV laser average powers with corresponding 

exponential fits. (b) The photocleaving rate constants for the miRNA-functionalized SNPs 

and PSNPs under varying UV laser powers. The linear variation with laser power indicates a 

one-photon photocleaving process for all nanoparticle samples. Previous results from GNPs 

are included for comparison.
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Figure 9. 
Extinction spectra of the SNPs, the miRNA-functionalized SNPs, and the miRNA-

functionalized SNPs after laser irradiation with different wavelengths.
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Figure 10. 
Fluorescence measurements of miRNA-functionalized SNPs after DTT reduction and after 

using laser irradiation at different wavelengths varying from 300 to 800 nm.
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