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Abstract
This study describes the use of inkjet printing for the preparation of test materials containing gold nanoparticles (AuNPs) on a biologically relevant matrix, and discusses the methods of using time-of-flight secondary ion mass spectrometry (ToF-SIMS) for their spatially resolved quantification. Evaluation of test materials containing AuNPs with nominal diameters of (30, 80, 100, and 150) nm deposited onto gelatin with loadings ranging from (34 up to 67,000) fg per spot suggests that ToF-SIMS has the sensitivity and the dynamic range to quantify NP deposits in a biological matrix at toxicologically relevant concentrations, although it was not capable of reliably determining the size of the AuNPs from the intensity data. Regardless, the ability to extract intensity data from individual regions of interest (ROIs) showed that spatially resolved quantification is possible, even when multiple features exist in a single image and in a single depth profile. The argon gas cluster source used for sputtering led to a matrix removal effect where the matrix surrounding the AuNPs became negligible, which may facilitate the preparation of quantitative test materials.









 







Introduction
Secondary ion mass spectrometry (SIMS) is one of a few analytical techniques that can characterize the distribution of elemental and molecular species laterally as well as in depth to create a three-dimensional map of their localization. Information regarding analyte concentrations is usually qualitative, but quantitative analysis of trace elements can be obtained through the use  of matrix matched standards, typically  ion implanted reference materials.1 This has been demonstrated quite extensively in dynamic SIMS of semiconductor matrices,2, 3 where dopants are implanted into a matrix at dilute concentrations (~ less than 1% atomic) to determine their relative sensitivity factors (RSFs),4 and similar techniques have been employed for time-of-flight (ToF)-SIMS depth profiling of an inorganic element within an organic matrix.5, 6 For quantitative ion implantation to be effective, however, the ion beam is rastered to ensure uniformity of doping in the lateral  dimension, which typically occupies a large fraction of the field-of-view of the SIMS analysis. This presents an interesting problem since recent SIMS applications involve imaging of complex samples where the matrix may be chemically heterogeneous with distinct domains, or the analyte may be distributed in discrete locations as a function of the sample. One example is the cellular uptake of metal nanoparticles by biological tissues or cells,7-9 which results in the accumulation of analyte in discrete locations and matrices, possibly at concentrations that are much more than dilute. These complex samples represent a challenge for quantification, and new methods should be explored that would address these concerns for quantitative SIMS analyses, especially for ToF-SIMS applications where large molecules that are not amenable for ion implantation are usually the targets for detection.  
Recently, inkjet printing has been explored for the in-situ addition of analyte directly into the matrix to create matrix-matched test materials for quantification. Examples include printing of varying volumes of pharmaceutical molecules together with the dissolved matrix to validate their concentrations inside drug delivery films,10 and printing of illicit narcotics directly on a fingerprint to quantitatively differentiate the background from suspected uses in forensic applications.11 This study extends the  use of inkjet printing as a tool to prepare quantitative,  matrix-matched test materials of four different sizes (30, 80, 100, and 150) nm of gold nanoparticles (AuNPs) on a biologically relevant matrix (i.e., similar to a cell, tissue, or an organism), at toxicologically relevant amounts ranging from a few (femtograms) to thousands of particles (picograms)/per deposit12-14. The study is motivated in part by a separate investigation that used SIMS for the 3D visualization of these AuNPs ingested by nematodes, with quantitative measurements provided by inductively-coupled plasma (ICP)-MS.15 Since the ICP-MS method yields an average number of AuNPs inside the organism, the variability in the absolute number of AuNPs per organism was quite high. The idea here was that it would be beneficial for SIMS to provide quantitative information in addition to spatial information for comparative purposes. Quantification of NPs in biological systems is of great interest in toxicology, with numerous studies highlighting the importance of determining dose as a parameter in assessing potential risks of NPs,16-18 and establishing a chemically-specific, complementary technique that can provide quantitative information and also spatial information to identify potential pathways of uptake would be of great benefit to the field. This study therefore describes a method for preparing quantitative test materials using an inkjet printer, discusses the basic analysis parameters used to optimize signal for quantification, and outlines considerations for displaying data that is potentially useful for cross-comparison of data between different instruments and laboratories.

Experiment
	 Sample Preparation. 10 cm Si(100) wafers were diced into 15 mm × 15 mm square pieces using a dicing saw equipped with a 15 µm diamond impregnated metal blade, and cleaned sequentially in a sonicated bath for 5 min in methylene chloride, acetone, and methanol. Porcine gelatin, 175 g bloom Type A, from Sigma-Aldrich[footnoteRef:1] (St. Louis, MO) was dissolved in ultrapure water at a concentration of 4 wt%, heated to 50 ℃, degassed, and spun cast onto individual Si pieces at a speed of 209 rad/s (2,000 rpm) for 60 s to create films about 240 nm thick. Citrate-capped AuNPs in water were purchased commercially with the following size and advertised concentrations: 30 nm AuNPs at 0.0566 mg/mL (BBI Solutions, Crumlin, UK); 80 nm AuNPs at 0.05 mg/mL (nanoComposix, San Diego, CA); 100 nm AuNPs at 0.0566 mg/mL (BBI Solutions); and 150 nm at 0.0579 mg/mL (TedPella, Redding, CA). Concentrations of the (30, 80, and 100) nm AuNPs were verified by UV-vis spectroscopy using the technique described by Haiss et al,19 and were consistent with the expected values. The suspensions were used at 1x, 10x, and 100x dilutions in pure water and printed onto gelatin surfaces using a Jet Lab 4 (MicroFab, Plano, TX) piezoelectric drop-on-demand printer system equipped with a 50 µm ID orifice print head. A trapezoidal wave generator with a dwell voltage of 20V, echo voltage of -10V, dwell time of 24 s, and rise/fall times of 3 µs with a frequency of 5 drops/s was used. An ‘arrayofarrays’ function was used to create 4 replicates of an array containing four individual deposits of  1 drop/spot, and three of the (5, 10, and 20) drops/spot, with the total print time kept under 400 s to minimize settling of the AuNPs in the printing solution reservoir, realized by disabling the z-axis translation of the printer to reduce overhead. The individual droplet mass, and hence the number of AuNPs per drop, was determined gravimetrically by measuring the mass of a burst of droplets with an analytical balance, which varied day-to-day and from solution to solution, from 47.305 ± 0.135 ng/drop to 67.091 ± 0.239 ng/drop. Gelatin embedded Au nanoparticles were created by printing 100 drops of a 2 wt% solution of gelatin on top of the previously prepared AuNPs on gelatin. A coaxial camera was used to align the drop to the existing spots on the array. All samples were analyzed within 2 days of production.  [1:  Certain commercial equipment, instruments, or materials are identified in this paper to adequately specify the experimental procedure. Such identification does not imply recommendation or endorsement by the National Institute of Standards and Technology, nor does it imply that the materials or equipment identified are necessarily the best available for the purpose.] 

[bookmark: _Hlk36839302]Sample Analysis. Negative secondary ion depth profiling was performed using an IONTOF IV instrument (Münster, Germany) equipped with a 30 kV Bi Nanoprobe® ion source for analysis (Bi3+ source was chosen with a 20.3 ns pulse width and roughly 0.3 pA pulsed beam current) and a 20 keV Ar2800±1000+ gas cluster ion source for sputtering (9 nA), with both sources striking the sample surface at an angle of 45°. Bi3+ generated the largest yield of Au- compared to Bi1+ and Bi3++. An entire array of AuNPs was consumed in the non-interlaced mode, with 16 analysis scans and 4 sputter scans per cycle. The analysis beam was randomly rastered inside a (500 × 500) µm area, 1 shot/pixel, with a pixel density of (128 × 128), corresponding to an ion dose per cycle of 6.4 × 109 ions/cm2. The sputter beam was rastered in sawtooth mode within a (600 × 600) µm area, corresponding to an ion dose per cycle of roughly 9 × 1013 ions/cm2. The effect of pixel density on signal was also performed on a limited number of samples, where pixel densities of (256 × 256) and (512 × 512) were used with 4 and 1 analysis scans per cycle, respectively, to maintain a constant ion dose across different pixel densities. Data acquisition was stopped after the Au3- signal reached zero and the Si- signal reached steady state, and the latter intensity was used to correct for any instabilities in the primary ion current between runs (Figure S1, Supporting Information). The beam profiles were Gaussian in shape with diameters of roughly (9.9 ± 0.7) µm (FWHM) for Bi3+ operated in high-current bunched mode (i.e., high mass resolution mode) and (30 ± 16) µm for the cluster source, determined from a secondary negative ion and secondary electron images of the Cu A-grid, respectively. SurfaceLab 7 was used for data analysis, and regions of interest (ROI) were drawn to extract secondary ion intensities from each spot inside the arrays. Instead of manually integrating the signal from the profile data which is convoluted with background signal, peak areas calculated by the software in the spectral data were used and the background from the adjacent baseline was subtracted (Figure S2, Supporting Information). For all analyses, values are averages of at least six measurements and the error represents the standard deviation unless otherwise noted. 
Surface topography measurements were performed using a Dektak XT stylus profilometer (Bruker Corporation, Tucson, AZ) equipped with a 2.5 µm radius stylus tip, having a vertical resolution of 1 nm, and a lateral resolution of 16 nm. A 2 mm line scan was used to ensure that a large enough region was measured to provide sufficient area for leveling. Images of the deposited AuNPs were obtained using the FEI Apreo (Hillsboro, OR) scanning electron microscope (SEM) with an incident electron energy of 2 keV and a spot size of 2.5 nm.

[bookmark: _Hlk519263493]Results and Discussion
Secondary Ion Yields and Mass Deposited. Figure 1 compares the intensities of Au-, Au2-, Au3-, and Au4- secondary ion species (baseline subtracted) generated as a function of deposited mass for the 30 nm AuNPs. The trends showed an excellent linear relationship, with each secondary ion species potentially capable of being used to construct a calibration curve; the linear correlation factors (R-square) of the curves were 0.9963, 0.9949, 0.9946, and 0.9958 for the Au-, Au2-, Au3-, and Au4- ions (Table 1), respectively, obtained by setting the y-intercept to zero. The excellent linearity of the Au- signal was contrary to some observations that cluster secondary ions (i.e., dimers, trimers, etc) were more suitable for quantification given their lower susceptibility to enhancements and matrix effects.20 The limitation of this approach for ToF-SIMS was the inherently low overall signal intensities and relatively large errors observed from very small deposited mass, such as for Au2- and Au4-, potentially skewing the best fit. Therefore, it may be more favorable to combine the signals of the monatomic and cluster secondary ions once it has been established that monatomic ions yield a linear relationship. Potential reasons for not including  the higher Au- signal for quantitative use stems from two observations: first, there was an undesirable contribution from a neighboring peak at m/z 196.91, which was more noticeable when the Au- intensity was lower (Figure 2a); and second, the Au- ion was more susceptible to matrix effects such as signal enhancement at the interface from the native silicon oxide (Figure 2b), which could potentially affect the data for sample sets with differing matrices. In this study, the enhancement of Au- was not significant due to the very low amount of mass deposited, and the minimal sample-to-sample variation suggested that matrix effects, if any, would at least be consistent. In spite of these concerns, the sum of Au-, Au2-, Au3-, and Au4- for 30 nm AuNPs yielded a curve with a smaller uncertainty and a linear correlation factor of 0.9964 (y = 0.6046x), indicating a slightly tighter fit curve. 
The mass interference at m/z 196.91 is thought to be a contaminant in the NP suspension as it appeared even in the spectrum of AuNPs deposited on a cleaned silicon wafer. The contaminant peak area was low for the set of AuNPs used in this study, but a much larger peak has been observed for NPs formulated in-house. For instruments with lower mass resolving power, such peaks may be difficult to deconvolute. As for the matrix effect, when a uniform film of Au vapor deposited on gelatin was depth profiled, the presence of the silicon oxide underneath the gelatin was seen to enhance the Au- signal (Figure 2b), while Au3- remained unaffected (Au2- and Au4- showed profiles similar to Au-). Combined with this effect, the Au- signal was seen to survive well past the interface due to ion bombardment-induced mixing,21, 22 which will affect the integrated intensity since the counts are already very low and one criteria for quantification was to stop integrating as soon as the Au3- signal reached zero. These effects were observed to a minimal extent for the AuNPs deposited on gelatin (Figure 2c), but this may be due to the small amount of NPs used in this study. In addition to the enhancement effect, Yang et al.23 advise against the use of Au- due to the potential resputtering of Au atoms from a film on the substrate, which has a different sputter yield compared to Au atoms from nanoparticles,23, 24 although this may be limited to much smaller particle sizes. 
	 There are various ways of displaying the data for comparative purposes and constructing calibration curves including normalizing the secondary ion intensity to the primary ion current to obtain a secondary ion yield, normalizing to the number of pixels within the ROI to obtain a signal per-pixel, or normalizing to the steady state Si- signal to obtain an RSF. The mass of the 30 nm AuNPs was also converted to the number of NPs, and plotted against the sum of their intensities. As was expected, these choices had no significant effect on the general trend of the data (Figure 3), with the correlation factors of their curves not changing by any significant amount; 0.9964, 0.9970, and 0.9974 for intensities normalized to the primary ion current, baseline Si- intensity, and the number of pixels in the ROI, respectively, and 0.9964 for the curve relating the intensity to the number of particles. These normalization schemes may be useful for comparing samples of similar chemistry using the same instrument, but may not be as straightforward for cross-comparisons among different instruments, matrices, or substrates. Challenges in quantification, aside from sample-related issues such as matrix effects, stem from the high degree of adjustability in the analysis parameters of the ToF-SIMS instrument. For example, choice of the primary ion source,25-27 incidence angle (or sample tilt) and energy,28 and the ion doses of both the analysis and the sputter beams per cycle in a non-interlaced depth profile mode (where the analysis and sputter beams operate in different time-of-flight cycles) can all affect secondary ion signal intensities. Moreover, secondary ion  transmission of the instrument can vary such as when the detector acceleration voltage is reduced to minimize detector saturation, or the length of delayed extraction is modified  to improve the depth-of-field or mass resolution,29 both of which will affect signal regardless of the primary ion current. Nevertheless, providing these types of information is important and will make quantification and cross-comparisons of data more effective. A tabulated list of the data obtained in this study such as intensities, steady state Si- signal, and area of the ROI can be found in Table S1 (Supporting Information).
As mentioned above, the effect of normalizing the intensity to the pixel area of the ROI was negligible, and this was surprising because one of the interesting aspects of printing AuNPs was how the footprint of the droplet, and therefore the area of the circular ROI used for data extraction, varied from sample to sample and from spot to spot. The footprint seemed to be affected by both the concentration of the AuNPs as well as their droplet volumes during printing, and as can be seen by the distribution of Au- ions in Figure 4, the concentration also seemed to affect the distribution of AuNPs inside the deposited area; most notably around the edge where the majority of the AuNPs seemed to settle (coffee ring effect, although the smaller number of NPs towards the center could be due to matrix effects from the silicone contamination, visualized using SiO2- but clearly not coming from the substrate). An ellipse was used to enclose the entire feature, and despite the size of the ROIs ranging from 402 pixels to 922 pixels, which corresponded to 2.4 % to 5.6 % of the (128 × 128) pixel image, the normalized intensity data were not seen to change much. Another option for the ROI would have been a toroid to select just the ring of the AuNPs, but this was not used due to the significant amount of AuNPs that were present inside the ring area for higher concentration suspensions.
Figure 5 compares the intensities of Au-, Au2-, Au3-, and Au4- secondary ions generated as a function of deposited mass for the (80, 100, and 150) nm AuNPs. These trends also showed a linear relationship between intensity and deposited mass within the femtogram to picogram range, although the linearity was consistently higher for the monatomic species rather than the clusters as can be seen by their correlation factors (Table 1). Interestingly, the increase in particle diameter corresponded with a decrease in the linearity, most likely due to the observation that larger particles generated lower signals, and hence data points closer to or at the limit of detection. This was particularly apparent for the Au4- signal, where more than 10,000 fg of 150 nm AuNPs was required to exceed baseline levels, but only about 100 fg was required in the case of 80 nm AuNPs. For the 30 nm AuNPs, the threshold was even lower, with the baseline expected to be below the range of deposited mass tested.
Larger particles were found to generate lower signals, and this relationship between AuNP size and secondary ion intensity is illustrated in Figure 6. For the same deposited mass, the secondary ion intensities generated from (30, 80, 100, and 150) nm AuNPs were shown to decrease proportionally with the surface area of the particle, despite the entire volume of the particles being consumed for analysis. Evidently, this phenomenon is unique to nanoparticles where smaller sizes are associated with enhanced sputter yields, due to their dimensions being comparable to the size of the primary ion collision cascade and a larger surface area available for secondary ion emission.24, 30  For comparative purposes, Yang et al.23 showed a factor of 3 increase in the sputter yield as the AuNP size was decreased from 100 nm to 10nm. Overlaying their data in Figure 6 showed a somewhat consistent overlap of the intensity data from the (30, 80, and 100) nm AuNPs, suggesting that the secondary ion intensity of NPs is largely dependent on the sputter yield, though the large discrepancy for the 150 nm particle (even though the sputter yield data is based on an extrapolation) suggest that there are other factors that determine the secondary ion signal. Perhaps the ionization efficiency is higher for smaller particles, but this is outside the scope of the study. As a side note, SEM images of the printed droplets were taken to ensure that the AuNP coverage was sparse and far from a monolayer (Figure S3, Supporting Information), so that agglomeration or multilayer events would not affect the data even at the maximum loading of 67,000 fg/spot for the 30 nm AuNPs used in this study.  
Secondary Ion Yields and Analysis Parameters. One of the parameters frequently adjusted during analysis is the raster size of the analysis beam, which consequently changes the pixel size for a given probe beam diameter. The primary ion dose is also affected if the number of scans is not adjusted, which can lead to problems with quantification if multiple datasets are to be compared. Figure 7a shows the effect of changing pixel size on secondary ion intensity using pixel densities of 128, 256, and 512 using a fixed ion dose, tested for a limited dataset where only the 30 nm AuNPs was used. The results showed that most of the datapoints were statistically equivalent, but for reasons unknown at this time, the highest deposited mass of 67,000 fg/spot generated signals that increased with increasing pixel density. Repeated analyses (n = 6) and normalization of the intensities to various parameters such as ROI area and steady state Si- intensity showed consistent results, which indicated that this may be sample related. The results suggest that quantitative analysis can work using different pixel sizes, but it may be best to keep the pixel size constant from run-to-run and sample-to-sample. 
Another important aspect of data acquisition involves the matrix. As can be seen in Figure 7b, AuNPs printed on a bare silicon wafer generated significantly higher signals than those printed on gelatin, which highlights the importance of preparing test materials that are matrix matched.31, 32 Of particular interest were samples where AuNPs were embedded inside gelatin, created by printing the gelatin solution directly on top of the printed AuNPs and verified using static ToF-SIMS that no gold was detected (Figure S4, Supporting Information). The use of the argon gas cluster source to depth profile through the samples resulted in minimal differences in intensity between AuNPs embedded in gelatin versus AuNPs deposited on top, presumably due to the large sputtering yield difference between organic molecules and inorganic elements;33 the results suggested that the organic matrix surrounding the particles was completely etched away before any Au etching occurred, creating a situation where the AuNPs were essentially sitting on top of gelatin. This matrix removal effect suggested that, if using the argon cluster source for sputtering, test materials for the quantitative analysis of metal NPs inside an organic matrix need not be embedded, which can save time and the complexity of additional sample preparation and processing. Although the capping layer in this study was less than 100 nm thick, it is expected that NPs buried in micrometers of organic matrix would show similar results owing to the large clean up efficiency of the cluster source (i.e., ratio of the number of sputtered molecules to the number of remaining molecules that are damaged by the incident beam),34-37 which was also demonstrated for the quantification of pharmaceutical particles through hundreds of micrometers of organic matrix.

Conclusions
The inkjet printer was evaluated as a unique and effective tool for the in-situ addition of AuNPs directly onto a gelatin matrix to create matrix-matched test materials for quantification. The ability to add a capping layer, though time consuming, also highlighted its flexibility in being able to design samples with various matrix compositions and morphologies. ToF-SIMS was shown to be capable of demonstrating a linear response with increasing NP concentration for the range of deposited mass studied, which varied from roughly 30 fg/spot to over 60,000 fg/spot for (30, 80, 100, and 150) nm AuNPs. The Au-, Au2-, Au3-, and Au4- secondary ions generated fairly linear curves, with the monatomic Au- found to have the highest linear correlation factor, but the sum of the ions had the benefit of an even higher correlation factor combined with higher signal and smaller uncertainty. The ability to extract intensity data from individual ROIs showed that spatially resolved quantification was possible, even when multiple features existed in a single image and in a single depth profile. Although ToF-SIMS could be used for quantification of AuNPs, there was not a reliable way to identify the size of the AuNPs, which may limit its utility for samples containing mixtures of variously sized AuNPs. The argon gas cluster source used for sputtering gave an intriguing result, as it showed that AuNPs both embedded in a matrix and sitting on top of the matrix had very similar secondary ion intensities. This matrix dilution effect will certainly make the preparation of quantitative test materials easier, taking ToF-SIMS one step closer to effective quantification. 
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Table 1. Linear correlation factors (R-square) of the calibration curves, determined for the respective secondary ion species and their sum, obtained from (30, 80, 100, and 150) nm AuNPs. The bold format indicates secondary ions with highest R2 values.
	
	Au-
	Au2-
	Au3-
	Au4-
	Sum

	30 nm
	0.9963
	0.9949
	0.9946
	0.9958
	0.9964

	80 nm
	0.9742
	0.9525
	0.9695
	0.9550
	0.9720

	100 nm
	0.9181
	0.8998
	0.8936
	0.8851
	0.9425

	150 nm
	0.9560
	0.9197
	0.9499
	0.8153
	0.8029



























Figure Captions

Figure 1. Log-log plots relating the secondary ion intensities of Au- (○), Au2- (◊), Au3- (∆), and Au4- (□) as a function of deposited mass for 30 nm AuNPs. The mass loading varied from 34 fg/spot to over 67,000 fg/spot.

[bookmark: _GoBack]Figure 2. (a) Mass spectral comparison of the Au- peak generated from depth profiles of (3.3, 17, and 67) pg/spot of 30 nm AuNPs. Peaks are offset to ease viewing. The shaded box shows the width of the peak window used for peak area determination, and the dotted line shows the baseline. Depth profiles in log-scale showing the effect of the silicon oxide layer on the enhancement of the Au- signal for a (b) 10 nm flat Au film on gelatin and (c) 67 pg/spot of 30 nm AuNPs on gelatin. The onset of the SiO2- peak was earlier for (c) due to less than uniform surface coverage of AuNPs. The CN- peak representative of gelatin was not included to ease viewing.

Figure 3. The sum of secondary ion intensities (Au-, Au2-, Au3-, and Au4-) normalized to the primary ion current (PI, □, with units of cts/pA), steady state Si- signal inside the ROI (Si, ◊, dimensionless), and to the number of pixels inside the ROI (Pix, ∆, cts/pix), plotted as a function of deposited mass for the 30 nm AuNPs. Non-normalized intensities plotted in relation to particle number (NP, ○, cts). The mass loading varied from 34 fg/spot to over 67,000 fg/spot.

Figure 4. Negative secondary ion images showing the distribution of the total, SiO2-, and Au- ions in the array, created using 2x, 10x, and 100x dilutions of the 100 nm AuNPs in water, with corresponding droplet mass of (59.42, 63.36, and 63.66) ng/drop, respectively. The array of numbers in the lower right indicate the number of drops deposited per spot to create an array containing different total deposited mass of AuNPs. The colored circles in the lower center image is an example of ROIs used for extracting data, drawn to enclose the entire feature, this one from the 100x dilution array. Image size was (500 × 500) µm, and lighter colors indicate higher intensity.  

Figure 5. Log-log plots relating the secondary ion intensities of Au- (○), Au2- (◊), Au3- (∆), and Au4- (□) as a function of deposited mass for (a) 80 nm, (b) 100 nm, and (c) 150 nm AuNPs. The mass deposited ranged from (34 to 29,500) fg/spot for (a), (36 to 33,700) fg/spot for (b), and (37 to 27,500) fg/spot for (c). 

Figure 6. Normalized sum of intensities as a function of particle diameter, using deposited mass of (5,000, 10,000, and 20,000) pg/spot. Intensities were calculated from their respective regression lines in Figure 5. The dotted line represents the normalized sputter yield of AuNPs in the size range of 20 nm to 100 nm taken from Ref. 23, with data extrapolated for the 150 nm AuNP. 

Figure 7. Plot relating the sum of secondary ion intensities (Au-, Au2-, Au3-, and Au4-) to the mass deposited for 30 nm AuNPs: (a) using pixel densities of 128 (□), 256 (○), and 512 (∆) inside a (500 × 500) µm area, with corresponding scans per cycle of 16, 4, and 1 for a non-interlaced depth profile, respectively; and (b) comparing different types of matrices such as gelatin  (□), silicon wafer (○), and AuNPs embedded inside gelatin (∆), using a pixel density of (128 × 128).













