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Abstract
The proof of concept study was able to show that dark field microscopy could be used to provide sufficient contrast for cell visualization in fingerprints with high sebum content. Although the application is limited to smooth surfaces that do not scatter light, such as polyethylene terephthalate (PET), it was able to measure the number of cells and how they changed in sequentially deposited fingerprints. On a PET surface, at roughly 5 N of contact force, a typical finger initially transferred a few hundred cells onto the surface, and when deposited in sequence this number decreased exponentially until a steady state was reached. The steady state was characterized by a transfer of (78 ± 36) cells, or (0.46 ± 0.21) cells/mm2 when normalized for fingerprint area. The high uncertainty was due in part to the highly variable nature of a human finger where the number of loose cells vary from person to person and from day to day depending on what they touch. The other part was due to difficulties in controlling the contact force and finger movement such as twisting during deposition. It was shown that slight twisting of the finger can expose a new patch of skin to the substrate, increasing the number of cells transferred.













 



Introduction
The human fingerprint contains a wealth of information for the forensic identification of the donor. It contains many elements that can be used for discrimination, such as the structure of the ridges for dactyloscopy and pattern analysis, and even exogenous chemical components such as cosmetics, plasticizers, and pharmaceuticals can be used to create a lifestyle sketch of the donor using informatics approaches.1 The complex structure of the skin further assists in identification; the 100 sweat glands and 15 sebaceous glands that are present in each square centimeter of the skin constantly secrete endogenous chemical components,2, 3 some of which are unique for age4, 5 and gender6, 7, as well metabolites of drug use8, 9. The skin is also very dynamic; skin cells constantly move from the basal to the upper epidermal layer of the skin as they mature, shedding by the thousands every day and transferring onto a variety of surfaces the skin comes into contact with.10-13 Some of these terminal keratinocytes still contain nuclear DNA,14 and successful short tandem repeat (STR) profiles15 for identification have been generated from these “touch” samples,14, 16 some even as old as 40 days after contact.17 The STR profiles work well for specimens containing DNA from a single individual or a simple mixture of two individuals, but the identification of an individual in complex mixtures containing more than two individuals has been found to be challenging.18, 19
There are methods that can deconvolute an individual’s DNA from complex mixtures by identifying unique single nucleotide polymorphism (SNP) alleles.20, 21 However, this is difficult to do for “touch” samples because of the inherently low amount of DNA present, degradation due to environmental factors, and/or contributions from multiple individuals who have handled the object at crime scenes prior to collection as evidence. In this framework of sample limitation, the development of additional sources of genetic information to enhance reliability is required. Proteins are chemically more robust than DNA, persist for longer periods of time, and are abundant in the form of shed cells. More importantly, they can contain genetic variation in the form of single amino acid polymorphisms, which can infer SNP alleles.22 Recent advances in forensic identification have augmented some of the DNA results through the identification of SNPs derived from shed hair shafts22, 23 which contain a large set of proteins to provide a sufficiently broad representation of the genome.
This study is motivated in part by a separate investigation involved in the identification of SNP alleles from proteins found in fingerprint residues, which are often the only source of evidence at a crime scene. The amount of material transferred through the fingerprint is highly variable, dependent on biological factors such as the cell shedding rate or the level of sweating, behavioral factors such as the frequency of hand washing or transferring of cells from other body parts through touch,24-26 and contextual factors such as contact time, force, and interfacial properties of the receiving surface17. In addition, the palmar skin, which is responsible for producing fingerprints, contains a relatively smaller set of proteins and peptides that infer SNP.27 Therefore, it is of interest to measure the amount of material transfer in a single fingerprint residue to determine whether enough peptides can be harvested for SNP analysis. The scope of this study covers the development of dark field microscopy for the visualization of shed skin cells in fingerprints on a smooth surface, and provides a proof-of-concept application of the technique on fingerprint residues on plastic surfaces. The transfer of material as the fingerprints are deposited in series shed light on how dramatically the number of cells can change for a given fingerprint, which illuminates the importance of being able to measure the amount of peptides so that proper forensic analyses based on the limited material can be designed. In this manuscript, the number of cells transferred onto the surface is used as a marker for the amount of material transfer, but it should be noted that eccrine sweat can also contain endogenous peptides24, 28, 29 from which protein sequence can be made.

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, cleaned sequentially in a sonicated bath for 5 min in acetone and methanol, and dried under a stream of dry nitrogen gas. 25 mm × 75 mm slides of polyethylene terephthalate glycol (PETG) from Curbell Plastics[footnoteRef:1] (Phoenix, AZ), black plastic laminate from Workplace Modular Systems (Londonderry, NH), and glass microscope slides were used as received. A 36 in × 36 in sheet of cold roll brass from Farmers Copper (Texas City, TX) were cut into 25 mm × 25 mm pieces, and wipe cleaned with methanol. Fingerprints from 1 anonymous donor[footnoteRef:2] were deposited onto all substrates while fingerprints from 5 donors were deposited onto the PETG substrates. 12 fingerprints from each finger, from both hands, were deposited sequentially onto a virgin surface using a force of 5 N, measured using a balance, with minimal twisting or rolling motions (directions for fingerprinting shown in Figure S1, Supporting Information). The donors were asked to spend roughly 3 s per deposition. Donors with any visible skin disease around the palms and fingertips were not chosen, since common diseases such as eczema, psoriasis, and warts (verruca vulgaris) can shed a large amount of skin cells.30, 31 [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.
]  [2:  Collection and handling of samples involving human subjects were approved and conducted in accordance to guidelines set forth by the NIST Institutional Review Board, case # MML-2018-0074. Volunteers who participated in this study read the information sheet before donating fingerprints. Each volunteer was assigned with a code to anonymize the sample. Five volunteers contributed to this study.] 

[bookmark: _Hlk36839302]	Sample Analysis. The fingerprints were visualized using the Zeiss LSM 800 microscope (Jena, Germany) equipped with a 5x objective, using an illumination of 30% with a 5 ms exposure time for bright field imaging, and an illumination of 100% with a 37 ms exposure time for dark field imaging. A collection of images was stitched together to create a single 20 mm × 25 mm image, with a resolution of 1.86 µm/pix. Image analysis for dark field images was performed using the ImagePro v7 software, and after putting the images to a color threshold, the skin cells were identified using the following constraints[footnoteRef:3]: Area (400 to 8600) µm2; Aspect (1 to 3); Mean Diameter (10 to 60) µm; Hole Ratio (0.95 to 1); Perimeter Length (1 to 100) µm; and Roundness (0 to 1.8). For image thresholding, the blue/green channels were set to a range of 0 to 255, and the red channel was set to a range of (Rpeak + 20) to 255, where Rpeak refers to the position of the main peak in the red channel histogram, which typically varied from 127 to 131. [3:  Area: Area of object. Aspect: Ratio between major axis and minor axis of ellipse equivalent to object. Diameter (mean): Average length of diameters measured at 2 degree intervals and passing through object’s centroid. Hole Ratio: Ratio of object area excluding holes to total area of object. Perimeter Length: The length of the object as estimated from its perimeter, most accurate for single-pixel wide objects, equivalent to the perimeter divided by 2. Roundness: (perimeter^2) / (4*pi*area).] 

For fluorescence imaging, fingerprints deposited on glass microscope slides were first incubated for 60 min in a phosphate-buffered saline solution containing 100 nM solution of DAPI (4,6-diamidino-2-phenylindole). A glass cover slip was placed over the fingerprint, and imaged using the Olympus VS120 microscope (Tokyo, Japan) equipped with a 5x objective in the preset DAPI Imaging Mode using an excitation wavelength of 358 nm and a filter of 460 nm to capture the emission. A collection of images was stitched together to create a 10 mm × 10 mm image.
For the etching of sebum, fingerprints deposited on silicon wafers were exposed to up to 15 min of Ar plasma inside a Diener Femto etcher (Ebhausen, Germany) with a chamber pressure of 0.01 kPa (0.1 mbar), using a flow rate of 10 mL/min, a power of 100 W, and a frequency of 100 kHz. A control was performed by etching isolated skin cells obtained from tape pulls of the fingers, eluted by sonicating the tape in ultrapure water containing 2% Tween-20 as a surfactant. The suspension was cast onto a silicon wafer and dried before plasma exposure. 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 10 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. All samples were analyzed within 2 days of production. In all plots, the error represents the standard deviation unless otherwise noted.

[bookmark: _Hlk519263493]Results and Discussion
The visualization of shed skin cells in fingerprint residue can be difficult depending on the amount of sebum the donor produces, which is influenced by the donor’s age,32 hormones,33, 34 size of the sebaceous gland,35 and whether contact was made with another oily body part such as the forehead. In addition, contextual factors such as contact force can influence the amount of sebum transferred onto the surface. In this study, the fingers were pressed onto a given surface for 3 s using a force of roughly 5 N (Fieldhouse reports the least amount of variability in fingerprint dimensions at ≥ 5 N36). Manipulation of movable objects often involve the tips of the index finger and the thumb with a force that varies proportionately with the weight of the object, usually in the range of a few N.37 For example, a cell phone weighing roughly 150 g to 200 g would be held using a force of 2 N to 3 N, suggesting that a fingerprint deposit using 5 N of force would most likely represent the upper limit for a moveable object. Figure 1 shows optical micrographs of a fingerprint from two donors which illustrates some of the difficulties of dealing with high sebum content. While donor A has a relatively low amount of sebum which allows easy visualization of features such as skin cells and other particulate material, the fingerprint from donor B is associated with a much higher sebum content, most of which bead up to either mask or mimic particulates. These oil droplets vary in transparency most likely due to optical effects, and the darker ones make visualization of skin cells very difficult. In the context of forensics, it is of interest to visualize cells from as many different types of fingerprints as possible in a way that is non-destructive, so that both ridge patterns and chemical composition can be preserved.

[image: ]
Figure 1. Optical micrographs showing the fingerprint ridges of (a) donor A and (b) donor B, used to compare the amount of sebum in a typical fingerprint deposited onto a glass slide.

Validation of Dark Field Microscopy for Cell Imaging. Bright field imaging of skin cells in fingerprint residue is challenging because the cells often do not have enough contrast against the surrounding endogenous matrix. One way to improve contrast is through staining, but its use is limited in that it does not offer discrimination from contaminant particles. There is also the added disadvantage of the probe having to interact with the cells in solution, which will cause their displacement. For fingerprints deposited on a smooth surface, one approach for cell visualization is dark field microscopy. Figure 2 compares the same section of the fingerprint from donor B using bright field and dark field microscopy. As can be seen, the bright field image shows non-discernible features that could either be associated with particulate matter or beads of oil, but using dark field microscopy, it was possible to differentiate between these features; oil droplets were characterized by a white fringe along the footprint with a dark center, while cell-like features were distinguished by a white to translucent center. The differences may be subtle in this image since a challenging example was chosen, but the majority of the cells were more obvious in their appearances (Figure S2, Supporting Information). As a way of validating this finding, the fingerprint sample was exposed to an Ar plasma and the sebaceous material was etched away. After just 5 min of etching, it can be seen in the bright field image in Figure 2c that what was left behind were mostly cell-like material, with longer etch times associated with less sebum on the surface.

[image: ]
Figure 2. A section of a fingerprint on a silicon wafer imaged using (a) bright field and (b) dark field microscopy. The same fingerprint was exposed to Ar plasma etching for 5 minutes to remove sebum, then (c) re-imaged using bright field to expose underlying cells. The iridescent features to the left and right of the cells are residual sebum that were not completely removed by 5 min exposure to plasma. The features circled in red are the skin cells in each of the respective imaging modalities.

[image: ]
Figure 3. Bright field images of skin cells before and after 5 min and 15 min of Ar plasma exposure. A suspension of skin cells obtained from fingertips were cast onto a silicon wafer and imaged.

To show that plasma etching had minimal effect on the skin cells, a time lapse image is shown in Figure 3 which illustrates that less than 15 min of plasma etching is relatively non-destructive, with no visible change in skin cell size, shape, or morphology. For the fingerprints studied, 10 min of plasma exposure was more than sufficient for the complete removal of sebaceous material. For the images in Figure 3, a suspension of skin cells obtained from the fingertips were used to make sure that cells, and not exogenous particulates, were resilient to the short plasma exposure. These results suggest that sebum in fingerprint residue can surround the skin cells and, due to their similar refractive indices, render them invisible on the surface.
In addition to plasma etching, fluorescence microscopy was performed to determine factors that may be important for cell identification, such as the location of the skin cells with respect to the fingerprint ridges, their size distribution, and whether they’re shed as single cells or clusters. Although the fluorophores will not stain terminal keratinocytes without any nuclear material, there were a sufficient number of cells with nuclear material throughout the cell (i.e., in the process of differentiation and apoptosis) that became stained for good characterization. Figure 4 shows the fluorescence image of the cells stained with DAPI and put on a threshold to facilitate viewing of the fingerprint ridges. Consistent with observations from optical microscopy, the majority of the cells were found in the fingerprint ridges where they come into contact with the surface (a few were in the valleys presumably due to solution displacement). Additionally, the size distribution indicated that the average effective diameter (based on area) of the cells were (30 ± 2) µm, consistent with observations in literature for skin cells found on fingertips and the palm of the hand.3 A very small population of cells were seen to have a diameter in the 50 µm to 60 µm region, which upon visual inspection of the fluorescent images were found to be dimers.
[image: ]
Figure 4. (a) Fluorescence image of a fingerprint on a silicon wafer and (b) histogram showing the size distribution of cells found on the fingerprint. In (a), dashed lines delineate the edges of the fingerprint ridges.

Using this information, constraints were developed in ImagePro to isolate features that are thought to be skin cells in the fingerprint images acquired using dark field detection (detailed in the Experimental section). Figure 5 shows the number of cells counted in a sequentially deposited fingerprint, before and after plasma etching, showing the effect of repeated deposition on the depletion (or release) of cells from the finger. The plot shows that the first few depositions are marked by an exponential decay in the number of cells, followed by a steady state region where the number of cells transferred remains constant until around the 9th or 10th deposit, with a small decline in cell count beyond the 10th deposit. After the 6th deposit, the fingerprint under dark field microscopy was relatively “clean”, with most of the sebum droplets beading on the surface and appearing as circular halos (Figure S3, Supporting Information), and making non-oil features such as cells easier to visualize. The steady state region is interesting as it suggests the skin on the fingertip may be continuously shedding cells at this rate. It also suggests that this could be a way to design fingerprint samples by controlling the number of cells on the surface. For this sample, plasma etching was used as a control to measure the effectiveness of dark field imaging for cell counting, and it can be seen that it does quite a nice job; although there is a relatively large discrepancy in cell number in the first deposition, where the number of cells were over-counted, the numbers agreed well for subsequent depositions. Likely explanations for the initial discrepancy may be due to incorrect inclusion of exogenous features in the cell count, or a mixture of sebum and particles that may have appeared like cells under dark field imaging. Nonetheless, factors that contributed to the discrepancy are seen to dramatically decrease after the 2nd or 3rd depositions.

[image: ]
Figure 5. Plot showing the number of cells counted in a fingerprint from one finger that was sequentially deposited onto a silicon wafer, before (○) and after (●) plasma etching.


Figure 6 shows the spatial distribution of cell-like features in the sequentially deposited fingerprints. As was described above, some of the data points before and after plasma etching do not overlap, suggesting that non-cell features can erroneously be picked up using this method. However, the errors become smaller with subsequent fingerprint deposits presumably due to the progressive loss of features that mimic cells on the surface; even as soon as the 2nd deposit, there are far less non-cell features selected by the image algorithm. Figure 6 also provides cell position, which gives an idea of where the cells are being released with respect to the finger contact area. Initially, there seems to be a uniform distribution along the entire contact area as expected, but there is a higher concentration towards the upper right edge of the fingertip, likely due to a higher localized contact force exerted during deposition since the distribution isn’t symmetrical from left to right. In the 2nd deposit, a similar distribution is maintained although there is a substantial decline in the number of cells. Due to the size of the substrate (15 mm × 15 mm) and slight displacement of the fingerprint upward along the y-axis, a fresh patch of cells was transferred from along the bottom edge of the fingerprint. By the 6th deposit, the spatial distribution is characterized by a general lack of cells being transferred from the central region of the finger, which was observed for subsequent fingerprint deposits. The central region may be associated with faster cell transfer due to the higher pressure exerted as a result of the curvature of the finger.


[image: ]
Figure 6. Spatial distribution of cell-like features obtained from the (a) first, (b) second, and (c) sixth deposited fingerprint (right index finger), before (○) and after (●) plasma etching, shown by open and filled circles, respectively. In (c), the ridges of the fingerprint visualized using bright field microscopy are overlaid to outline the contact area, with some features removed for privacy. 3 cells were used for image registration. The time series gives an idea of where the cells are being deposited with respect to the finger contact area, as well as the increase in accuracy of cell counting using dark field microscopy.


Cell Counting on a Forensically Relevant Surface. Since the brightness of the signal and the background rejection efficiency determine the contrast in dark field, non-smooth surfaces can pose a challenge due to light scatter from the substrate, leading to a significant loss in contrast. For example, forensically relevant surfaces such as laminate (desks and tables) and cold rolled brass (bullet casings), with a root mean square roughness (Rq) of less than 100 µm and 0.8 µm, respectively, were not suitable for skin cell visualization due to the severe light scatter from the substrate and loss of contrast (Figures S4 and S5, Supporting Information). On the other hand, smooth surfaces such as polyethylene terephthalate (PET) that are widely used as plastic drinking bottles, had a Rq of less than 0.02 µm and showed that cell counting using dark field microscopy can be quite effective. As an example, fingerprints from all fingers from a single donor were collected onto the PET substrate and skin cells were counted. Figure 7 shows their depletion as a function of deposition number. Similar to Figure 5, the plot initially shows an exponential decay followed by a steady state region until around the 8th or 9th deposit. There was some divergence in cell count beyond the 8th deposit, which may statistically indicate the end of the steady state region. These results are obtained from just one donor, but illustrate some interesting findings that may extend to other donors: a typical unwashed finger may transfer 200 to 700 cells on contact with the PET surface; fingers that are used more often (e.g., index finger and thumb) transfer fewer cells initially; and for the right-handed donor, there are more cells available for transfer from the opposite hand (i.e., left hand). Unfortunately, plasma etching to validate cell identification could not be performed since plastics are fairly vulnerable to etching. Cell count may be overestimated initially, but the shape of the plots as well as the similar appearance of the cells on the surface (not shown) indicate that the method can be effective for PET substrates.
[image: ]
Figure 7. Plots showing the transfer of skin cells from each finger as a function of deposition number for (a) left and (b) right hands.


	Figure 8a shows the average number of skin cells transferred for 5 donors (n = 50 fingers) to illustrate the variability in the transfer of cells amongst donors. To correct for differences in finger size, the cell counts were normalized to the fingerprint area, determined by drawing an ellipse using the farthest cell positions in the x- and y-axes. Some key observations were the same as those from Figure 7, where large uncertainties in the number of cells transferred were seen for the first 3 deposits, with the steady state region occurring between the 4th and 8th deposits, followed by a region with slightly higher uncertainties. During this steady state period, approximately (0.46 ± 0.21) cells/mm2, or (78 ± 36) cells were being transferred from a particular finger onto the PET surface.


Figure 8. Plots showing the (a) transfer of skin cells as an average from all fingers and (b) the average number of cells transferred during deposits 4, 6, and 8 by finger type. In (a), the number of skin cells is also normalized to the fingerprint area to correct for differences in finger size amongst donors.


	Breaking down the plot revealed an interesting difference amongst the fingers in terms of the number of cells transferred, which can be seen in Figure 8b. While the rest of the fingers transferred a similar number of cells on average during the steady state region, the number of cells for the pinky finger was slightly higher. Investigation of the cell positions revealed that the pinky finger was associated with the highest degree of twisting upon deposition, either through steric hindrance or due to donor habits. Figure 9a fingerprint shows an example of how twisting the finger during the deposition sequence leads to a new patch of skin coming into contact with the substrate, resulting in the increased transfer of cells. There was also an issue with the displacement of the fingerprint on the substrate during a series of depositions (i.e., variability in the deposition location) due to a lack of a fiducial marker or an equivalent point of reference. Changes in the location of where the fingerprint is deposited had an effect on twisting (displacement along the x-axis) and the middle phalanx region of the finger coming into contact with the substrate (displacement along the y-axis) evidently due to some constraints forced by the 20 mm x 25 mm analysis area. The results were somewhat surprising given that the donors’ comments mostly focused on the difficulty of using the thumb to deposit fingerprints consistently onto a flat surface, in addition to difficulties in controlling the contact force with that finger. Perhaps this problem may be alleviated with more samples or a better instrument design for fingerprint deposition.


Figure 9. (a) Plots showing the spatial distribution of skin cells in a fingerprint, obtained from the pinky finger at deposits 2, 4, 6, and 8. Plot size is 16 mm x 21 mm. (b) Plot showing the location of the center of the fingerprint within the 20 mm x 25 mm analysis area. Each data point represents a center of one fingerprint (n = 240), and each shape represents one donor. The center was defined as the center of the ellipse drawn using the farthest cell positions in the x- and y-axes.

	The twisting of the finger during the deposition sequence is a real issue, and one that was seen to an extent in almost all fingerprints. Figure 9a shows a great example from one donor’s right pinky finger, where the donor seemed to have a habit of placing more force along the left-side edge of that finger. In the 8th deposit, there was also an increase in the number of cells relative to the 4th and 6th deposits, suggesting that, in addition to twisting, there may have been an increase in the contact force beyond 5 N. Displacement of the fingerprints within the analysis area is shown in Figure 9b, and in retrospect, illustrates how difficult it is to place a given finger in the center of an area without a fiducial marker. Although the average displacement was just ± 1.6 mm and ± 2.3 mm from the center in the x- and y-axes, respectively, a maximum of 5.1 mm and 7.3 mm, respectively, was observed. Another important factor that may have contributed to the uncertainty is the variability in the contact force during fingerprint deposition. Although the forces were not recorded, donor comments showed that it was very easy to go beyond 5 N during the tail-end of the deposition sequence, when they started to rely on ‘sensation’ for the contact force rather than carefully chasing the number on the scale. The ring, and pinky fingers were also reported as being troublesome in terms of generating consistent contact force because they are less frequently used and therefore more difficult to control. In the same way, the non-dominant hands were apparently slightly more difficult to control. The use of a rig such as a press was considered for controlling these factors but was excluded due to the potential hazards involved; both in terms of physical hazards such as accidentally dropping the press on the fingers, and in terms of social distancing where the investigator could not be present with the donor for assistance with the rig. In addition, application of a consistent force with a rig would require calibration for each finger and for each donor, which may deplete the cells on the fingers during set up. 
Visualization using “non-destructive” vacuum techniques. Although the scope of this investigation is limited to the application of dark field microscopy for the visualization of skin cells, it is noted that other “non-destructive” surface analysis techniques were also examined and will be discussed here briefly for interested investigators. Time-of-flight secondary ion mass spectrometry (ToF-SIMS) is an imaging mass spectrometer that can interrogate the chemical composition of surfaces with an information depth in the single nanometer range while at the same time consuming less than 1% of the material. Despite having to operate in ultrahigh vacuum, several studies have used this technique to visualize, detect, and quantify exogenous materials in fingerprints,38-41 demonstrating the effectiveness of the technique for fingerprint characterization. However, due to its extreme surface sensitivity, only the sebaceous components that are covering the entire fingerprint could be imaged (Figure S6, Supporting Information). Discrimination of cells was possible only after plasma etching to remove the sebaceous components, but this would no longer be “non-destructive” and would be limited to substrates that are resilient against plasma etching. 
In addition to ToF-SIMS, scanning electron microscopy (SEM) is an imaging technique that can visualize the morphology of the surface with nanometer spatial resolution, including skin cells. It can be equipped with an energy dispersive x-ray spectroscopy (EDS) for the elemental analysis of surface features with linear dimensions of a few hundred to a few thousand nanometers. While the skin cells obtained from a tape pull could be visualized by looking at the distribution of the nitrogen (N 1s) signal, those in a fingerprint covered by sebaceous components were not visible due to the extreme surface sensitivity of the technique (Figure S7, Supporting Information). 
	
Conclusions
The proof of concept study was able to show that dark field microscopy could be used to provide sufficient contrast for cell visualization in fingerprints with high sebum content. Although the application is limited to smooth surfaces such as PET, being able to quantify cells non-destructively is important for forensic evidence that may require numerous downstream analyses. Quantifying these cells revealed that a typical finger can initially transfer a few hundred cells onto the surface, and when deposited in sequence this number decreases exponentially until a steady state is reached. On a PET surface, at roughly 5 N of contact force, the steady state was characterized by a transfer of (78 ± 36) cells, or (0.46 ± 0.21) cells/mm2 when normalized for fingerprint area. The high uncertainty was due in part to the highly variable nature of a human finger where the number of loose cells vary from person to person and from day to day depending on what they touch. The other part was due to difficulties in controlling the contact force and finger movement such as twisting during deposition. It was shown that slight twisting of the finger can expose a new patch of skin to the substrate, increasing the number of cells transferred. Plasma etching was also explored as an effective way to validate dark field microscopy for cell counting. Although limited to inorganic substrates due to etching effects, exposing the fingerprint for less than 10 min can remove a majority of the sebum while keeping the cells intact for a before and after comparison using light microscopy.
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Figure S1. Volunteers were given a set of directions on how to deposit fingerprints onto the substrates, along with this schematic showing the digital balance, a paper template with the order of fingerprint deposition, and how the PET/glass slides should be positioned. Donors were asked to deposit 12 fingerprints from each finger in the order shown on the template. Tags at the bottom of the template indicate hand and finger (e.g., R1 = right hand thumb). Microscope analysis area was 20 mm × 25 mm. Prints 1, 2, 3, 4, 6, 8, 10, and 12 were analyzed.
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Figure S2. Dark field image of shed skin cells in a fingerprint residue (deposit #1), showing how the cells appear compared to oil droplets. The cells were discriminated and labeled using ImagePro. 
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Figure S3. Dark field images of fingerprint deposit #1 and #6, comparing the appearances and morphology of sebum droplets beading on the surface.


Figure S4. On brass, striated texture contributes to light scatter, severely limiting the effectiveness of dark field. Even in bright field, the scatter reduces image resolution to the point that features on the surface are difficult to differentiate from the background. The circle features most likely represent cells, but are nearly invisible in the dark field. For the laminate surface, the surface is too rough to resolve any features in the sub-millimeter region, in both bright field and dark field detection.












Figure S5. The rolled features on the dark field images of brass were considered to be a confounding contrast source in early efforts. Since they are directional and high frequency compared to the spacing of fingerprint deposited cells, a fast Fourier transform (FFT) filtering method was implemented to suppress the stripes from the images. An unfiltered image is shown with its FFT inset in (a). The slightly off vertical bright feature in the FFT is the rolling stripes to suppress. In (b), an ellipse with major and minor axes lengths of 80 pixels and 20 pixels respectively was applied before inversing the FFT. This image still contains high frequency stripes, indicating a larger ellipse was needed in the spectral filter. Image (c) was created from inverting the inset filtered FFT that uses a major axis length of 160 pixels. All filters were Gauss blurred at 14 pixels to provide filter slope. Although the method successfully suppresses the stripes, the extensive light scattered from the rough surface made dark field imaging of cells on this substrate ineffective despite improvements this filtering method provides. The Mathematica code for this filtering method is provided as supporting information below.

(* Spectral Filtering Functions *)
waoImagePeriodogram[img_]:=Block[{ft},
  ft=Fourier[ImageData[ColorConvert[img,"Grayscale"]]];
  ft=RotateRight[ft,{Dimensions[ft][[1]]/2-1,Dimensions[ft][[2]]/2-1}];
  ImageAdjust[Image[Log10[Abs[ft]^2]]]
]
parallelLinesSpectralFilterPattern[img_,r_:300,w_:100,h_:10,\[Theta]_:0,gr_:3]:=Block[{fi,iw,ih},
  {iw,ih}=ImageDimensions[img];
  fi=Image[Graphics[Rotate[
  {
    Disk[{-r,0},{w,h}],
    Disk[{r,0},{w,h}]
  },\[Theta]],PlotRange->{{-iw/2,iw/2},{-ih/2,ih/2}}],ImageSize->{iw,ih}];
  GaussianFilter[fi,gr]
]
parallelLinesSpectralFilterImage[img_,r_,w_,h_,gr_:10,\[Theta]_:92Degree]:=Block[{ft,lfi,filt,debug=False},
  ft=Fourier[ImageData[img]];
  If[debug,Print[Dimensions[ft]]];
  ft=RotateRight[ft,{Dimensions[ft][[1]]/2-1,Dimensions[ft][[2]]/2-1,0}];
  lfi=ColorConvert[parallelLinesSpectralFilterPattern[img,r,w,h,\[Theta],gr],"Grayscale"];
  If[debug,Print[ImageMultiply[
    ImageAdjust[Image[Log10[Abs[ft]^2]]],
    lfi
  ]]];
  filt=RotateLeft[ft*ImageData[lfi],{Dimensions[ft][[1]]/2-1,Dimensions[ft][[2]]/2-1}];
  If[debug,Print[img]];
  Image[Abs[InverseFourier[filt]]]
]

Figure S6. A 2 x 2 mm section of a fingerprint on glass after 10 min Ar plasma treatment, visualized using an optical microscope (left) and the ToF-SIMS secondary ion image showing the distribution of CN- (center). The same section was imaged using ToF-SIMS prior to plasma treatment (right). Light colors indicate higher intensity, and therefore higher relative concentrations. The optical image shows the rough surface of the metal sample holder underneath the glass. ToF-SIMS is an extremely surface sensitive technique with information depth of a few nanometers, which is a depth that corresponds to a monolayer of molecules. Since sebum is very mobile on the surface, they creep over features in the fingerprint residue, and the result of using this technique is essentially a homogeneous image of sebum, which can be seen in the rightmost image. With the use of plasma, the sebum is removed, and the technique is able to visualize cells using the CN- signal. 









Figure S7. (a) Nitrogen (N 1s) signal obtained using SEM/EDS from a tape pull, showing the spatial distribution of cells along the ridges of the fingerprint. (b) Same technique, but analysis of fingerprint residue on a silicon wafer, showing that almost no N 1s signal is generated due to a film of sebum covering the skin cells. (c) Same technique but detecting the oxygen (O 1s) signal, showing the distribution of sebum droplets presumably containing oxygen. In (a), the skin cells are visible due to the fact that tape pulls capture tightly bound skin cells in the epidermal layer containing no sebum. In (b) and (c), the skin cells in fingerprint residue are buried under a layer of sebum, and the limited information depth of the electron beam is unable to probe the buried skin cells. Also, the dwell times for (b) and (c) were in the milliseconds per pixel, which resulted in electron beam damage of features on the surface. Images 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. X-ray microanalysis was performed using the signals were captured using a Bruker Quantax EDS.
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