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Abstract

Dark-field microscope (DFM) analysis of nanoparticle binding signal is highly useful for a variety 

of research and biomedical applications, but current applications for nanoparticle quantification 

rely on expensive DFM systems. The cost, size, limited robustness of these DFMs limits their 

utility for non-laboratory settings. Most nanoparticle analyses use high-magnification DFM 

images, which are labor intensive to acquire and subject to operator bias. Low-magnification DFM 

image capture is faster, but is subject to background from surface artifacts and debris, although 

image processing can partially compensate for background signal. We thus mated an LED light 

source, a dark-field condenser and a 20× objective lens with a mobile phone camera to create an 

inexpensive, portable and robust DFM system suitable for use in non-laboratory conditions. This 

proof-of-concept mobile DFM device weighs less than 400g and costs less than $2000, but 

analysis of images captured with this device reveal similar nanoparticle quantitation results to 

those acquired with a much larger and more expensive desktop DFMM system. Our results 

suggest that similar devices may be useful for quantification of stable, nanoparticle-based activity 

and quantitation assays in resource-limited areas where conventional assay approaches are not 

practical.
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1. Introduction

Nanoparticles probes are useful in point-of-care assays, including lateral-flow 

chromatographic immunoassays, since antibody-labeled nanoparticles can be dried and 
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stored under ambient conditions until use, unlike enzyme-linked antibodies employed by 

conventional immunoassays. These point-of-care devices are not quantitative, however, and 

require extensive development and validation (Chao et al., 2012; Sajid et al., 2015). Gold 

nanoparticles are used to quantify different targets (Hu et al., 2003; Rajendran, 2013; 

Wagner et al., 2014) in cell imaging, (Hu et al., 2009; X.-L. Li et al., 2016) biomolecular 

quantification, (T. Li et al., 2016; Yuan et al., 2016) and interaction studies (Jin et al., 2015; 

McFarland and Van Duyne, 2003), but these assays rely on complex and relatively non-

robust equipment that limits their utility outside controlled laboratory settings. Portable 

spectrometers can quantify nanoparticles, but suffer from low throughput (Heider et al., 

2012; Verma et al., 2016; Zuber et al., 2016) or have low sensitivity and require complex 

setup prior to their use for quantitation (Wang et al., 2017). DFM image analysis used to 

detect and quantify nanoparticle assays predominantly utilize high-magnification, since low-

magnification (far-field) DFM images are sensitive to surface artifacts and debris that can 

mask nanoparticle signal. The size, cost and delicacy of these DFM systems limit their 

utility in field hospitals and other settings where these factors represent barriers. Attempts to 

develop more portable DFM approaches date back to at least 1958, (Goldman and Sawyer, 

1958) when dermatologists still relied on DFM analysis to identify pathogens, including 

syphilis, responsible for certain skin lesions, (Brown and Frank, 2003) but these devices fell 

out of use upon development of more specific assays, effectively ending portable DFM 

development. Recent technology advances have spurred the use of mobile phone cameras for 

medical applications, including portable microscopy for numerous point-of-care diagnostics 

(Table S5), but none of these devices use DFM to quantify nanoparticle-based assays.

We now report the development of a mobile phone-based DFM (MDFM) system that can 

quantify nanoparticle signal for a variety of research and medical applications. We analyzed 

the potential of this approach to quantify methods that form the basis of most clinical assays, 

binding kinetics and biomarker quantification, as well as a novel nanoparticle-based serum 

diagnostic assay for tuberculosis. MDFM analysis of these assays yielded robust results that 

were similar to, albeit less sensitive than, those obtained with a much more expensive and 

cumbersome desktop DFM system. These results suggest that a lightweight, portable 

MDFM device allows simple and rapid assay quantitation, and may thus serve as a valuable 

platform for biomarker quantitation in resource-limited settings, where simplicity and 

robustness are more important than absolute assay sensitivity.

2. Material and methods

2.1 Image capture and processing

Solidworks 2013 CAD software (Dassault Systemes SolidWorks Corporation) was used to 

design the MDFM case, which was fabricated with black acrylonitrile-butadiene-styrene 

(ABS) using a 3D printing service (3D hubs). DDFM images were acquired under consistent 

lighting and magnification using an Olympus IX81 microscope equipped with a dark-field 

condenser, a 4× or 10× objective lens, and an Olympus DP71 digital camera, using a 1/45s 

exposure time. MDFM images were acquired using the Motorola Moto G2 camera to 

capture images from a slide holder case containing a dark-field condenser and a 10× or 20× 

objective lens and illuminated with a constant triple-LED white light source (Modgy, Inc.). 
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Table S1 lists the components of these systems. All images were processed and quantified 

using our previously reported “DarkScatterMaster” (DSM) DFM algorithm(Sun et al., 2016) 

using the following software input parameters: contour threshold (Ct) = 253.020, center 

scale (S) = 0.8, type = Red, Low (Lt)/High (Ht) quantification limit: 0/62. Motorola Moto 

G2 (XT1068) images were captured with a 1/15 s exposure time with Open Camera (Version 

1.32.1)(Harman, 2017) using an ISO 5000 configuration and allowing autofocus and 4× 

digital zoom. Magnification (M) was defined as the sample image height (hi) divided by the 

height of the sample object (ho), where ho was the target well diameter (1.5 mm) and hi was 

the diameter of this image in pixels multiplied by the resolution of the sensor chip (72 vs. 

432 pixels/inch for MDFM and DDFM, respectively).

2.2 Binding affinity assay

Carboxyl-functionalized AuNRs (C12-25-650-TC-50, Nanopartz) were activated to 

covalently bond amine groups by mixing 40 μL of AuNR (4.22×1012/mL) with 20 μL of 

EDC/NHS-sulfo PBS (2 mg/mL of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

hydrochloride and 1 mg/mL of N-hydroxysulfosuccinimide, Sigma-Aldrich) for 10 minutes 

at 25°C. These amine-reactive AuNRs were then PBS-washed and 1 μL of indicated AuNR 

concentrations were applied to replicate wells on 192-well amine-functionalized slides 

(2×1012 group/mm2, Arrayit), which were sonicated (Q500 Sonicator, Qsonica) for 8 

minutes at 80% amplitude using a 5 second on/off cycle to accelerate hybridization. Slides 

were then washed for 10 min at 25°C with 0.01% Tween-20 in PBS (PBST, pH 7.0), and 

deionized water, and then air-dried for DFM imagery. Binding affinity was calculated by 

nonlinear curve fitting with Origin 2015 software (OrginLab Corporation).

2.3 Protein quantification assay

Protein A/G-modified 192-well slides (Arrayit) were blocked with 1 μL/well Pierce Protein-

Free Blocking Buffer (Thermo Scientific) for 1 hour at 25°C, then incubated with the 

indicated amounts of biotinylated CD9 antibody (NB110-81616, Novus) for 1 hour at 25°C, 

and PBS-washed for 10 min at 25°C before hybridization with AuNR. Neutravidin-

functionalized AuNR (Nanopartz C12-25-650-TN-50, 7×10−9 M) were PBS-diluted (40 μL 

AuNR to 200 μL PBS) after which 1 μL/well of AuNR was applied to replicate wells, which 

were sonicated (Q500 Sonicator, Qsonica) for 8 minutes at 80% amplitude using a 5 second 

on/off cycle to accelerate hybridization. After hybridization, slides were washed for 10 min 

at 25°C with 0.01% Tween-20 in PBS (PBST, pH 7.0), and deionized water, and then air-

dried for DFM imagery.

2.4 Data analysis

Limits of detection (LOD) and quantification (LOQ) were defined as 3× and 10× the 

standard deviation of the assay blank, respectively. Assay precision was determined with five 

replicates of three samples analyzed in a single assay (intra-assay) or in three assays 

analyzed on three different days (inter-assay). Graphs were generated with Origin 2015 and 

Microsoft Excel.

Sun and Hu Page 3

Biosens Bioelectron. Author manuscript; available in PMC 2019 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3. Results and discussion

3.1 Optical design and characterization

To generate an inexpensive, lightweight, and portable device capable of sensitive far-field 

DFM image analysis for nanoparticle quantitation, we wrapped a triple-LED light source, a 

standard dark-field condenser and a 20× or a 10× objective lens in a 3D-printed case that 

mates these components to a mobile phone camera (Figure 1). We then compared the 

nanoparticle quantitation properties of this MDFM device with those of a standard desktop 

DFM (DDFM) system. Both systems used the same dark-field condenser, but differed in 

their light sources, objective lenses, cameras, and total system weight and cost (Table 1). It is 

difficult to compare the cost of our prototype MDFM system to all generic DDFM systems. 

However, given that the MDFM phone and its camera is much less expensive (< $200) than 

that any camera-equipped DDFM camera system (several thousand dollars), a MDFM 

system will always the less expensive option.

Comparison of the image quality produced by these systems found that MFDM images 

exhibited weaker and more uneven signal than similar DDFM images (Figure 2), most likely 

due to differences in their illumination systems and condenser alignment. The MDFM 

prototype employs a relatively weak (1,000-lux) triple-LED light source run off a 3V lithium 

battery, whereas the DDFM system uses a single 100 W (>10,000-lux) halogen lamp 

powered by an AC electrical outlet. We chose the LED system used in our MDFM for its 

low power draw and relatively high light output, but its three point LED arrangement is 

consistent with lighting artifacts observed in MDFM images. Both the MDFM condenser 

and case may exacerbate these artifacts, since the MDFM condenser is not optimized for this 

multi-source light setup and the case does not permit precise alignment of the condenser 

light path. MDFM image quality also suffers from the lower resolution of the MDFM 

CMOS vs. DDFM CCD sensor (72 vs. 432 pixels/inch). To compensate for this resolution 

difference, MDFM and DDFM employ different lenses to capture low-magnification (10× 

vs. 4×) and high-magnification (20× vs. 10×) images. The low fixed aperture of the MDFM 

camera (f/2) also limits depth of focus, but this should not negatively influence surface-

based imagery for nanoparticle quantification.

Both MDFM and DDFM captured similar DFM signal intensity and image features from the 

same wells. DDFM images had more consistent lighting and better resolution (Figure 2), so 

that MDFM were less sensitive to DFM artifacts arising from sample well debris and surface 

defects. Improved MDFM cases milling could improve misalignment effects, which 

appeared to play a significant role in MDFM image variability.

The DDFM system required precise manual focus to capture images at a set magnification 

and working distance for each objective lens, while the MDFM system captured focused 

images over a wide range of working distances (3 to 10 mm) using a 10× lens, due to the 

autofocus function of its camera (Figure 3). MDFM did not exhibit such dynamic working 

ranges when using a 20× lens, however, due to the reduced working distance available for 

the autofocus function. The ability of the MDFM system to autofocus low magnification 

DFM images ensures that captured images are useful for image analysis, and reduces the 

time required to obtain this data regardless of the technical proficiency of the operator.
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The MDFM system magnified samples 370-fold and 110- to 210-fold when using 20× and 

10× lenses, while the DDFM system magnified samples 375-fold and 150-fold using 10× 

and 4× lenses. MDFM images thus exhibited magnifications corresponding to 98.7% (high-

power) and 58.6% to 112% (low-power) of the matching DDFM images, after adjusting for 

lens and sensor differences. Such differences should not greatly influence nanoparticle 

detection by MFDM vs DDFM systems, since low versus high magnification DDFM images 

produce similar signal, albeit with increased background and a correspondingly reduced 

dynamic range (Figure S1). MDFM and DDFM therefore achieve similar magnification for 

focused images, but MDFM has greater working distance flexibility, allowing rapid capture 

of focused images by individuals without DFM experience, which may be advantageous in 

resource-limited settings. Since both systems achieved similar magnification and altering the 

resolution of the DDFM system had no effect on image quantitation (Figure S4), it appears 

that illumination, light path alignment, and/or camera sensitivity differences account for the 

performance differences we observe between the DDFM and MDFM system.

3.2 Nanoparticle quantification assays

To evaluate MDFM capacity to analyze two common biological assay types (binding 

kinetics and biomarker concentration), we compared MDFM and DDFM results from 

binding affinity and protein quantitation assays we adapted for DFM nanoparticle 

quantification. We first examined a nanoparticle binding assay by measuring the interaction 

between carboxylic acid-functionalized gold nanorods (AuNR−) and an amine-modified 

slide (Figure 4a), expressing this interaction as a function of AuNR− concentration and the 

electric field potential at the liquid-solid interface, which obeys Boltzmann statistics.(Sun et 

al., 2017, 2015a, 2015b)

(1)

where the amount of AuNR available at the slide surface ([AuNR−]surface) was a function of 

[AuNR−]solution, the elementary charge q (1.60218×10−19 C), the surface potential ψD, the 

Boltzmann constant kB (1.38066×10−23 J/K) and temperature T. This equation simplified to

(2)

when ψD and T were held constant. Based on the Michaelis-Menten model at steady-state, 

(Johnson and Goody, 2011; Koshland et al., 1966; LÓPEZ-FIDALGO and WONG, 2002; 

McPherson, 1983) the surface binding rate was described as

(3)
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determined by the equilibrium binding constant Kd, the maximum number of surface 

binding sites , and the input nanoparticle concentration constant 

[AuNR−]solution, so that Kd can be solved for by curve fitting. We applied this information 

and concentration-dependent DFM scatter responses from both the MDFM and DDFM 

systems to calculate the equilibrium binding constant (Kd) of this interaction. MDFM and 

DDFM response curves produced in this analysis yielded similar Kd values (0.0128 versus 

0.0104), despite consistently lower MDFM signal throughout the entire range of the AuNR 

concentration curve (Figure 4b).

We next analyzed MDFM and DDFM performance to quantify the results of a protein 

binding assay that used protein A/G-modified slides to capture AuNR-conjugated antibodies 

(Figure 4c). Both the MDFM and DDFM responses strongly correlated with the target 

protein concentration; however, the MDFM response exhibited reduced background, less 

overall variability and greater linearity than the DDFM response, although it also exhibited a 

smaller dynamic response over the assay concentration range (Figure 4d).

The reduced dynamic range and/or shallower curves of MDFM versus DDFM signal in these 

assays resulted in higher limits of detection and quantification for the MDFM analyses 

(Table 2), reflected by 4.5-fold to 7-fold sensitivity decreases for these measurements in 

binding kinetics and biomarker quantification assays. MDFM results still revealed 

reasonable coefficients of variation for both intra-assay (3.1% to 7.8%) and inter-assay 

(8.1% to 13.7%) replicates (Table S2), although direct comparison of MDFM and DDFM 

results revealed an increase in MDFM versus DDFM intra-assay (0.9- to 3.2-fold) and inter-

assay (1.3- to 3.0-fold) coefficient of variation. DFM image analysis can thus quantitate the 

nanoparticle-based versions of two assay types that constitute the majority of quantitative 

biological assays, with good sensitivity and precision, even when using an inexpensive 

MDFM system for image analysis.

Nanoparticle-based quantitative bioassays are not in common usage, but exhibit certain 

advantages over conventional enzyme-based assays, since the nanoparticle probes are less 

labile and produce stable endpoint results. We therefore also analyzed MDFM performance 

with a variant of a novel assay that employs nanoparticle-based DFM signal to achieve 

results that are more rapid, sensitive and specific than can be achieved by conventional 

assays(Liang et al., 2017; Sun et al., 2016). We have previously used this approach to detect 

and monitor pancreatic cancer-derived exosomes in patient blood samples, while our current 

study applies a modification of this assay to distinguish patients with pediatric tuberculosis 

(TB) from their healthy controls (Figure S3). We chose TB for this analysis since it has high 

prevalence in developing countries, where the lack of resources and trained healthcare 

providers can inhibit effective diagnosis and disease control, highlighting the need for 

inexpensive and easy-to-use diagnostic methods. Our novel assay quantifies circulating 

levels of exosomes produced by cells infected with the TB bacillus Mycobacterium 
tuberculosis by detecting all such vesicles that contain lipoarabinomannan (LAM), the only 

marker suggested for TB screening by the WHO (World Health Organization, 2015). A 

proof-of-concept study, which used this assay to analyze patient serum samples without a 

separate exosome enrichment step, easily differentiated a small group of pediatric TB cases 
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from their healthy controls, suggesting that MDFM analysis of this and other pathogens may 

have significant potential for rapid disease diagnosis, particularly in resource-limited 

settings. For example, these assays require reagents that can be stored dry at ambient 

temperature and reconstituted as needed (antibody-conjugated slides and probes) or that are 

inherently stable at ambient temperature (PBS, Tween and distilled water). Technicians can 

easily perform sample incubations at ambient temperature and analyze assay results on-site 

or transmit them to a central site for remote analysis by mobile. The ability to perform such 

assays at remote sites that may lack electricity is of significant advantage for the clinicians 

attempting to identify and immediately treat infected individuals in order to control disease 

outbreaks.

Lighting induced artifacts observed with the current MFDM prototype prevent its use for 

high-quality DFM imagery, but do not decrease its utility for nanoparticle-based quantitation 

assays once images are processed to correct for artifacts commonly associated with low-

magnification far-field DFM images, including uneven lighting and other signal artifacts 

using our previously published DFM image processing approach.(Sun et al., 2016)

4. Conclusion

The current MDFM system rapidly captures focused DFM images, without requiring 

significant user intervention, and analysis of these images yields quantitative results that 

closely parallel those generated with matching DDFM images, albeit with slightly reduced 

sensitivity at low protein concentrations. MDFM thus exhibits strong potential as a hand-

held DFM imaging system for bioassay quantitation in resource-limited areas that prevent 

the use of DDFM or other quantification methods. Reduced MDFM versus DDFM optical 

performance appears to derive primarily from reduced DFM signal quality due to weak and 

uneven sample illumination from a multi-LED light source and non-optimized optics in this 

proof-of-concept device. Both issues should be easily addressable through selection of a 

larger, single-source LED and case refinements, or other changes, to improve optical 

focusing to increase DFM image signal quality.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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DFM Dark field microscope

DSM DarkScatterMaster

MDFM Mobile dark field microscope
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DDFM Desktop dark field microscope

AuNR gold nanorod

FFLM Far-field low magnification

CV coefficient of variation
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Highlights

• A mobile phone based dark-field far-field microscope was developed for 

nanoparticle quantification.

• The microscope weighted 380g and cost less than 2000 with easy assemble 

and operation.

• Quantification of bioassay with the microscope shown comparable result to 

standard dark-field microscope.

• Potentiate a TB diagnosis assay for resource-limited area.
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Figure 1. 
MDFM system a) layout schematic, b) assembly and c) working prototype.
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Figure 2. 
Comparison of MDFM, DDFM and desktop bright-field microscope images. MDFM images 

were captured with 20× and 10× objective lenses, and DDFM and desktop bright field 

microscope images were captured with 10× and 4× objective lenses.
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Figure 3. 
MDFM magnification. a) MDFM images captured with a 10× objective lens at different 

working distances, indicating the autofocus limits of the mobile phone’s camera. b) 

Correlation between working distance and MDFM magnification with a 10× objective lens. 

c) MDFM images captured with a 20× objective lens at different working distances. All 

images were converted to grayscale to highlight image focus.

Sun and Hu Page 13

Biosens Bioelectron. Author manuscript; available in PMC 2019 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Comparison of MDFM and DDFM for binding affinity and protein quantification assays. (a 

and b) Assay scheme and binding affinity result. (c and d) Assay scheme and target (anti-

CD9) quantification result. Data points represent the mean ± SEM of 5 sample replicates.
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Table 1

Differences of the mobile and desktop DFM systems.

Mobile DFM Desktop DFM

Light source 3 LEDs (1,000 lux) Halogen lamp (> 10,000 lux)

Camera model Motorola XT1064 Olympus DP71

Maximum resolution 3264 × 2448 JPEG
(8.0 megapixels)

4080 × 3072
(12.5 megapixels)

Camera sensor CMOS CCD

Weight 0.38 kg 26 kg

System cost with lens
$1,360 (10×)/$1,560 (20×)

Motorola Moto G2*
>$50,000
Olympus IX81

*
Cost details in Table S3
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Table 2

Sensitivity of the quantitative assays

Assay (ng/μL) MDFM DDFM

Binding LOD 4.6 0.6

affinity LOQ 15.3 2.1

Protein LOD 135.2 30.1

quantification LOQ 811.3 180.9

LOD: Limit of detection; LOQ: limit of quantitation
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