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Abstract

Poly(lactic-co-glycolic acid) (PLGA) particle carriers of synthetic DNA have re-
cently received increased attention for environmental applications due to their
biodegradability, customizability, and nearly limitless number of uniquely iden-
tifiable “labels”. In this paper, we present methodologies for the preparation of
DNA-labeled particles, control of particle size, extraction of DNA-labels, and
analysis via quantitative polymerase chain reaction (qPCR). Characterization
and analysis of the DN A-labeled particles reveal spherical particles of diameters
ranging from 60 — 1,000 nm, with consistent zeta potentials around -45 mV, that
are stable to aggregation; even in the presence of concentrated mono- and di-
valent cations: A highly correlated and consistent relationship between particle
concentration and DNA-label count was observed, with a detection range span-
ning 7 orders of magnitude, from 0.01 - 10,000 mg/L (10 - 107 particles/uL).
The results of two environmental applications of the DNA-labeled particles are
also presented, highlighting their feasibility for use in environmental studies.
Whether exploring size-dependent transport phenomena or identifying poten-
tial pathogen transport pathways, the DNA-labeled particle approach presented
here provides a powerful tool for the identification of overlapping particle signals

at a range of concentrations.
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1. Introduction

Polymeric nano- and microparticles have garnered considerable attention in
recent years for their many applications as colloidal carriers of drugs, DNA, and
other macromolecules in the field of life sciences, biotechnology, and medical
sciences [I1 2} [3]. Among the many polymeric nano- and microparticles devel-
oped to date, poly(lactic-co-glycolic acid) (PLGA) has become the most widely
used polymer in FDA-approved pharmaceutical biotechnology ‘and medical de-
vices [4]. This is due to two of its most attractive qualities, biodegradability
and non-toxicity, which provide key advantages for its use in oral delivery of
proteins, peptides, and synthetic DNA for treatment of several life-threatening
diseases [5]. PLGA provides a number of therapeutic benefits in drug delivery
such as controlled particle size [6] [7]; higher loading capacity for drug molecules
[8], improved drug stability and bioavailability [9, [10], and controlled and sus-
tained release properties [I1;[12]. In comparison to nonbiodegradable, inorganic
nanoparticles (e.g. metallic, silica or carbon-based nanomaterials), which are
often used in the cosmeticand paint industry, PLGA nano- and microparticles
also do not represent a risk to the aquatic environment, since their biodegrad-
ability limits their persistence in the environment [I3].

Because of their versatility, PLGA particles carrying synthetic DNA strands
have received increasing attention over the past 15 years, for use in environmen-
tal applications such as the identification and characterization of water flow and
pollutant transport pathways [13], [14] 15, [16]. The use of synthetic DNA provides
virtually an infinite number of unique labels (i.e. tracers) while the customiz-
able PLGA nano- and microspheres protect the DNA from the environment.
Hence, a multitude of unique, DNA-labeled particle tracers could be introduced
at different points and times in the landscape, for example a watershed charac-
terized by non-point source pollution, and collected in water samples elsewhere

in the watershed to infer hydrological linkages and transport times between the
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collection point(s) and the points of DNA introduction. As such, DNA-labeled
PLGA particles provide a new tracer technology for hydrologic and environ-
mental sciences and a means for overcoming some of the obvious challenges of
conventional, conservative tracers [14].

Various techniques have been explored to encapsulate macromolecules with
PLGA, two of the most common techniques for the encapsulation of hydrophilic
macromolecules are double emulsion evaporation (w1 /0/wy) and nanoprecipita-
tion [I]. Among the hydrophilic macromolecules explored, several studies have
developed PLGA carriers for DNA [I7, 18, 19] intended for gene therapy within
the human body. By instead incorporating synthetic DNA within the PLGA,
any number of unique particle tracers can be fabricated with DNA-"labels” (i.e.
a unique nucleotide sequence), which can then be independently detected and
quantified via quantitative polymerase chain reaction (qPCR) [13]. Addition-
ally, any PLGA released to the environment will degrade and the degree of
biodegradability can be altered through modification of the polymer, providing
biodegradability on the order of weeks, months, or years [11], 2] and the ability
to match its environmental lifespan with the length of an environmental study.
Together these characteristics provide many advantages over conventional par-
ticle and hydrologic tracers. Historically, a variety of tracers have been used to
identify and characterize environmental transport pathways, including bromide
[20, 21], chloride [22] 23], nano- and microparticles [24] 25] 26], dyes [27] 28], and
isotopes |29, 130]. However each of these methods is limited in one or more ways.
Most importantly, the number of unique tracers available is limited [14} [31],
hence our ability to identify spatial and temporal variations is restricted to only
a few events [32], leaving us far short of the information needed to understand
the complex transport pathways in the natural environment. Furthermore, con-
tamination from legacy tracers left over from past experiments [33, [34] can alter
transport measurements and often it is difficult to determine just how long a
system may retain a "memory” of past inputs. Ultimately, a tracer system
that allows for the unique identification between spatial, temporal, and variable

particle characteristic (i.e. size) inputs with otherwise identical colloidal prop-
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erties, would allow for a much more powerful characterization, description, and,
ultimately, prediction of transport pathways in the environment.

The use of unencapsulated, synthetic DNA as an environmental tracer has
previously been explored [35] [36] and, although it has proven useful in identi-
fying contaminant source contributions in limited cases [36] [37], DNA has the
disadvantage of degrading quickly in the natural environment, unless bound to
natural colloids [38] or polycyclic aromatic hydrocarbons. In order to control the
degradation of the synthetic DNA sequences and allow for quantitative experi-
ments at time scales required for field studies, we previously explored encapsu-
lating DNA in poly lactic acid (PLA) microspheres in-a proof-of-concept study
[13] and then applied this technology to characterize hydrologic flow pathways
through a 3.2 km? glacier in northern Sweden [14]. In the study by Dahlke
et al.[14], nine unique DNA-labeled tracers were applied at spatially varying
locations throughout the glacier and breakthroughs were monitored. Though
mass recovery of the DNA-labeled tracers was lower than that of fluorescent dye,
advection-dispersion information obtained from the tracers provided insight into
the complex hydrologic flow pathway system of the glacier.

In this paper, we present new advances in DNA-labeled particle tracer tech-
nology for use in environmental and hydrological flow and transport studies.
Detailed methodologies are introduced for the preparation of DNA-labeled par-
ticles, control of particle size, extraction of synthetic DNA-labels, and quanti-
tative analysis via qPCR. An in depth characterization of particle properties
is-also provided, including particle morphology, size, charge, colloidal stability,
and encapsulation and extraction efficiencies. Furthermore, the relationship be-
tween particle mass concentration and DNA-label count is analyzed, which is
an important aspect for using the DNA-labeled particles in quantitative fate
and transport studies. Finally, we present the results from two environmental
applications of the DNA-labeled particles, which highlight their feasibility for

use in environmental studies.
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2. Experimental

2.1. Materials

Research grade 50:50 poly(DL-lactide-co-glycolide) (PLGA) was purchased
from LACTEL Absorbable Polymers (B6010-2, Birmingham, AL). HPLC grade
ethyl acetate (EtAc, E195), dichloromethane 99+% (DCM, L13089), reagent
grade ethyl alcohol (AX0441), and 50X molecular biology grade tris-EDTA (TE)
buffer (75834) were purchased from Fisher Scientific. Vitamin E-D-a-tocopherol
polyethylene glycol succinate (TPGS, 57668) and reagent grade dimethyl sul-
foxide (DMSO, 472301) were purchased from Sigma-Aldrich.

SsoAdvanced ™Universal SYBR ®)Green Supermix (172-5271) and SsoAd-
vanced™ Universal Probes Supermix (172-5281) were purchased from Bio-Rad
Laboratories, Inc. All synthetic, double-stranded DNA sequences used for par-
ticle labeling, primers, and probes for gPCR analysis were purchased from In-
tegrated DNA Technologies (IDT Inc., Coralville, Towa, USA). All sequences,
primers, and probes used in this study are listed in Table

2.2. Particle Fabrication

The DNA-labeled particles were fabricated by dispersing synthetic DNA in
a PLGA /solvent mixture, which was then dispersed into an aqueous phase by
one of two methods: w;/o/ws emulsion evaporation or nanoprecipitation. After
hardening the particles, they were collected through centrifugation and rinsed in
ultrapure DI water to remove the unbound surfactant used in the process, along
with any unincorporated DNA-labels. Through variations in surfactant concen-
tration (wi/0/wy emulsion evaporation method) and injection type (nanopre-

cipitation method), the size of the resultant particles was controlled.

2.2.1. Double emulsion (wy/o0/wy) method

The w; /o/ws fabrication method employed is similar to the methods previ-
ously presented in literature [39] [T] with some modifications described as follows.
First, 100 mg PLGA was mixed with 1 mL EtAc in a test tube and left to dis-

solve overnight. The next morning, 45 mL of the TPGS solution of desired
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concentration was added to a 250 mL beaker on a magnetic stir plate and 2
mL was added to a test tube. 25 uL of the desired DNA-label (4x107°M) was
added to the PLGA /EtAc mixture and sonicated (Branson Ultransonics SLPe
Digital Sonifier, 40% amplitude, 1/8” diameter tip) for 10 seconds, on ice, to
make the first emulsion. This emulsion is then added dropwise to the 2 ml of
TPGS, while constantly vortexing at 3,000 rpm, to make the second emulsion.
The second emulsion was then sonicated for three 10 second bursts, ‘on ice, with
a 10 second rest after each burst. This final emulsion was then added to the
stirring 45 mL of TPGS solution and left to stir in a fume hood for at least
4 hours or overnight. During this time, the EtAc evaporated, hardening the
PLGA particles.

2.2.2. Nanoprecipitation

The nanoprecipitation method employed is similar to methods previously
presented in literature [I7, 40, 41] with some modifications described as follows.
First, 20 mg PLGA was mixed with 1 mL DMSO in a test tube and left to dis-
solve overnight. The next morning, 20 mL 0.3% (w/v) TPGS was added to a 50
mL beaker on a magnetic stir plate. 5 uL of the desired DNA-label (4x107°M)
was added to the PLGA/DMSO mixture and sonicated (40% amplitude, 1/8”
diameter tip) for 10 seconds, on ice. This mixture was then added to the stir-
ring beaker of TPGS solution at 30 mL/hr by a syringe pump (New Era Pump
Systems NE-1000) with the syringe tip either above (indirect) or below (direct)
the surface of the stirring liquid. This emulsion was then left to stir in a fume
hood for at least 4 hours or overnight, during which time the DMSO evaporated,
hardening the PLGA particles.

To collect and rinse the particles fabricated by either method, the particle
suspension was poured into a 50 mL HDPE centrifuge tube, topped up to 50
mL total volume with ultrapure DI water (ELGA LabWater GS120A24) and
centrifuged (Eppendorf 5804 R) at 14,600 x g at 4°C for 15 minutes. After
centrifugation, the supernatant was carefully removed so as not to disturb the

particle pellet, and the particles were resuspended in ultrapure DI water by
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sonicating (40% amplitude, 1/8” tip) for three 10 second bursts on ice, with a
10 second rest after each burst. This centrifugation, rinsing, and resuspension
step was repeated twice more, for a total of three times and then the stock

particle suspension was stored at 2°C until use.

2.2.8. Bare particles

As a basis for comparison, bare PLGA particles were fabricated in the ab-
sence of TPGS, as macromolecules similar to TPGS have been shown to ad-
sorb to the surface of the PLGA particles, altering their colloidal properties
[42, 43| [44]. The method used to prepare the bare PLGA particles was similar
to others previously presented [43] 42} [I] and explained indetail in
(Al

2.8. Particle quantification

2.3.1. DNA-label extraction

The procedure for the analysis of DNA-labeled particle samples consists
of two steps, extraction and quantification of the DNA-labels. First, a well-
mixed 500 pL aliquot of each sample was collected in a 1.5 mL centrifuge tube,
centrifuged at 14,600 x ¢, 4°C for 15 minutes, and frozen at -80°C for several
hours. Each sample was then lyophilized, 500 uL. DCM was added to the dry
sample, and the resulting mixture was vortexed at 3,000 rpm for 10 seconds, to
allow for dissolution of the PLGA. 500 pyL of TE buffer solution (10 mM Tris, 1
mM EDTA, pH 8.0) was added to each sample and vortexed at 3,000 rpm for 30
seconds. The resulting two-phase liquid was then centrifuged at 2,800 x g, 4°C

for 5 minutes and 200 uL of the supernatant was removed for quantification.

2.8.2. DNA-label quantification

Quantification of the extracted DNA-labels was performed with real-time,
quantitative polymerase chain reaction (qPCR, Bio-Rad CFX96 Touch), in 10
uL total volume wells. Two reaction methods were used, single-channel for

the analysis of one type of DNA-label at a time, and multi-channel for the
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simultaneous analysis of up to six DNA sequences at a time (depends on the
qPCR multiplexing capability). The single-channel reactions consisted of 5 pL
SsoAdvanced ™Universal SYBR ®Green Supermix, 4 uL sample, 0.4 uL each
forward and reverse primer (resulting in a final primer concentration of 1 M
each), and 0.2 pL nuclease-free water. The multi-channel reactions consisted
of 5 uL SsoAdvanced ™Universal Probes Supermix, 4 uL sample, and 1 uL
total of the forward primer, reverse primer, and Taqman probe for'each DNA-
label to be analyzed, resulting in final concentrations of 0.4 uM, 0.4 pM, and
0.2 uM, respectively. In order to determine the number of DNA molecules
present in each sample, standards of known concentration were included on
each plate and a standard curve was produced to relate the quantification cycle
(C,) value to DNA copy count. The upper and lower DNA detection limits
are then defined by the portion of the standard curve where the C; and DNA
copy count correlate with an R? > 0.99. Though slight variations occur for
each DNA sequence, this detection range typically falls between 100 and 10%
copies per sample, or 25 to 2.5 x 107 copies/uL. In this manner, the DNA copy
count was always interpolated from standards included on each plate and never
extrapolated. A representative standard curve can be seen in Figure [I] for the
nucleotide sequence T3, which was used for all experiments in this study, unless
otherwise noted. The resultant detection range for this sequence was 150 to
107 copies per 4 uL sample, or 38 - 2.5 x 10% copies/uL. The Cy value for each
sample was calculated with the Bio-Rad software (Bio-Rad CFX Manager 3.1)
using the regression C, determination mode with baseline subtracted curve fit.
Each sample was analyzed in triplicate to provide statistical uncertainty of the
measurement.

It should be noted here that the presence of natural organic matter can
affect the fluorescence measured by qPCR and therefore the reported DNA
count. By preparing all standards in water containing identical organic content
to the collected samples, this background effect can be subtracted, providing
true DNA counts. This can be easily achieved by collecting water samples

before the introduction of any DNA-labeled particles to prepare all standards



210

215

220

109 _.40

108 Y =3.842E+10e 0580 | & y = -3.495x + 37.007
S0t 2= - R?=0.999
S10e >

E (@)

8105 | £20 |
O 104 ,_ ..g
<Z( 103 ._ :.t:__f 10 | Efficiency = 93%
ek S

101 £ ' : : g0 t—————————

01 2 3 4 5 6 7 8
Log DNA Copy Count

—~
O
~

@ O 10 20 30 40
Quantification Cycle (Cq)

Figure 1: Representative qPCR standard curve for the quantification of the T3 DNA sequence
(a) and calculation of the qPCR replication efficiency (b). Each measurement was performed
in triplicate and the resultant detection range for this sequence was 150 - 107 copies per 4 pL

sample.

needed for the qPCR analysis of the experiment.

2.4. DNA-label design

The synthetic, double-stranded DNA sequences used for particle labeling
were designed as described in our previous publications [I3] [14]. A list of the
nucleotide sequences, primers, and probes used for this study can be found in
Table For both qPCR reaction methods (e.g. single and multi-channel)
forward and reverse primers are needed for each sequence. The multi-channel
reaction method requires the use of a TagMan probe, which consists of an ad-
ditional short (5’ to 3’) sequence with a quencher on the 5 (e.g. ZEN in-
ternal quencher, Integrated DNA Technologies) and 3’ (Iowa Black®forward
quencher) end and a reporter dye such as TET (Dual-Labeled tetrachlorofluo-
rescein), FAM (6-carboxyfluorescein amidite), or HEX (hexachlorofluorescein).
It should also be noted here that during the design of each sequence, the Na-
tional Center for Biotechnology Information’s Nucleotide Primer-BLAST Tool
[45] is used to ensure that the selected sequences have no similarities to natural

DNA.
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Figure 2: Representative SEM images and particle diameter distributions of DNA-labeled
particles fabricated via the wi/o/wa method with (a) 0.30% TPGS and (b) 0.05% TPGS

3. Results and Discussion

3.1. Particle Characterization

Particle morphology was investigated using Field Emission Scanning Elec-
tron Microscopy images (FE-SEM, Hitachi S-4100T, Hitachi HTA America, with
an Oxford INCA Energy EDS). Representative FE-SEM images of DN A-labeled
particles with corresponding particle size distributions can be seen in Figure
The particles appear mostly spherical in nature with a small variation in particle
diameter, as evidenced by the corresponding particle size distributions.

Particle diameter and zeta potential were measured using dynamic light
scattering (DLS, Malvern Zetasizer Nano). Each reported value is a summary of
at least 10.independent measurements, particle size measurements were buffered
to pH 7 with TE (10 mM Tris, 1 mM EDTA), and particle concentration was held
constant at 100 mg/L (2.8x10° particles/uL). A summary of the mean particle
diameter and zeta potential for 6 different particle preparation conditions can
be seen in Figure [3] and tabulated data can be found in Table

Particle diameter varied between 60 and 930 nm for the particle preparation
conditions investigated, with the smallest particles produced via the nanopre-
cipitation method. Particle diameter was strongly dependent upon TPGS con-

centration, with smaller particles resulting from higher TPGS concentrations,

10
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Figure 3: Summary of mean particle diameter and mean zeta potential of DNA-labeled par-
ticles for 6 different preparation conditions. Each reported value consists of at least 10 inde-

pendent measurements, error bars represent standard deviation, and pH was held constant at
7.

as expected [39, [1]. Despite strongly affecting particle diameter, the preparation
conditions had no detectable effect on zeta potential.

While it is unlikely that the preparation of subsequent batches under the
same conditions will produce particles of identical diameter and zeta potential,
we have found that the reproducibility between batches is quite consistent. For
example, subsequent batches prepared using the wy/o/ws method with 0.30%
TPGS produced particles with mean diameters of 315, 323, 314, 321 nm, corre-
sponding standard deviations of 117, 116, 102, 101 nm, and mean zeta potentials
of -43, <44, -41, -40 mV.

The electrophoretic mobility (u.) and zeta potential of bare and DNA-
labeled particles was measured as a function of solution pH and a summary
of the data can be seen in Figure d] Both bare and DNA-labeled particles re-
main negatively charged throughout the pH range investigated (pH 3 - 9), with
declining charge as pH conditions became more acidic, suggesting an isoelectric
point near or below pH 3. The DNA-labeled particles displayed a lower (abso-

lute value) charge than the bare particles, with the largest differences observed

11
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Figure 4: Electrophoretic mobility (ue) and zeta potential of bare PLGA and DNA-labeled

particles as a function of pH. Error bars represent standard deviation:

near pH 7-8. This suggests that the TPGS, used in particle preparation as an
emulsifier, remains bound to the particle surface after the rinsing and centrifu-
gation step of particle preparation. While the hydrophobic end remains bound
to the particle surface, the hydrophilic end extends into the aqueous medium,
shifting the shear plane further from the particle surface and effectively lower-
ing the electrophoretic mobility: Similar behavior has been reported for PLGA

particles coated with other macromolecules [42] [43] [44].

8.1.1. Particle stability and aggregation

Time resolved DLS experiments were performed to characterize the stability
of the bare and DNA-labeled particles in the presence of varying concentrations
of NaCland CaClsy. As expected, aggregation rate increased with salt concentra-
tion for the bare PLGA particles (Figure with an increased sensitivity to
the presence of divalent CaCls. Initial aggregation rates were constant through-
out all salt concentrations investigated, and so the first 10 minutes of particle
aggregation were used to calculate the critical coagulation concentration (CCC)
in the presence of each salt. Details for the determination of the CCC and in-
verse stability factors (1/W) can be found in The results of this
analysis are presented in Figure In this manner, we determined the CCC

values of bare PLGA particles to be 273 mM NaCl and 30 mM CaCly, which

12
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Figure 5: Inverse stability factor (1/W) of bare PLGA particles as a function of (a) NaCl
and (b) CaCly concentration. Error bars represent standard deviation. All experiments took

place at pH 7 and particle concentration of 10 mg/L (2.8x10* particles/uL).

are similar to values reported in the literature [42] [43].

In contrast to the bare PLGA particles, DNA-labeled particles produced in
the presence of TPGS showed no signs of particle aggregation across the full
range of NaCl and CaCly concentrations investigated for bare PLGA. Figure
[6] displays the consistent particle diameters observed for DNA-labeled particles
produced following several different preparation conditions, in the presence of
350 mM CaCly, which is an order of magnitude more concentrated that the
CCC determined for bare PLGA particles (Figure [5).

This apparent stabilizing effect suggests that the TPGS not only serves as
a high efficiency emulsifier and tool for controlled particle size [46] and in-

creased encapsulation efficiency [47], but also remains adsorbed to the particle

13



290

295

300

£ 1600
£.1400 $ o 0.05% TPGS
£ 1200 - 090,595 OUO—O—
£ 1000
£ 0 0.10% TPGS

AaaAKASRAAAAANAN
2 600 n A
T 400 Nanoprecipitation (0.3% TPGS)
O 200 ¢ 90 60 9000000000060

0
0 5 10 15

Elapsed Time [min]

Figure 6: DNA-labeled particle diameter in the presence of 350 mM CaCls. All experiments
took place at pH 7 and particle concentration of 10 mg/L (2.8x10* particles/uL).

surface after production and rinsing, increasing hydrophilicity of the particle
and providing stabilization to aggregation. Similar stabilization behavior has
been reported for other macromolecules including polaxamers and poloxamines
[42 [43] 44], poly(ethylene glycol) (PEG) [48], and methoxy poly(ethylene gly-
col) (mPEG) [49,[50]. This stability enhancement resulting from macromolecule
adsorption is commonly attributed to electrosteric repulsion, though a recent
study by Bradford et-al. |51] found that nanoscale roughness could also explain
this behavior. This result is a key advantage for use in environmental systems
where the ionic content of natural waters can lead to aggregation and therefore
modified transport characteristics.

It should also be noted here that the particle diameters observed in the
presence of concentrated CaCl, (Figure @ were marginally higher than those in
the absence of divalent cations (Figure , suggesting an initial period of rapid
aggregation followed by consistent particle diameters throughout the length of
experiments investigated in each case. Though the exact mechanism for this
behavior is unclear, it has previously been observed for similar systems and

detailed discussions can be found elsewhere [42].

14
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8.2. DNA-label Encapsulation and Extraction

In order to quantify the amount of DNA-labels encapsulated and to en-
sure consistency between preparation methods and batches, two measures of
efficiency were defined and monitored. First, the percentage of DNA-labels
that were successfully captured within the PLGA particles, commonly referred
to as encapsulation efficiency (ENE), was determined from Equation [l] where
DN A,y is the total number of DNA copies used in particle preparation and
DN A¢yee is the total number of unencapsulated DNA copies, determined from

the supernatant following particle rinsing and centrifugation.

DNAot — DNAfree
DN A,

Second, the percentage of encapsulated DNA-labels that were subsequently

ENE =

x 100% (1)

extracted and counted, referred to here as the extraction efficiency (EXE), was
determined from Equation [2] where DN A, is the total number of DNA copies
extracted from the DNA-labeled particles and DN A¢pcqp is the total number of
DNA copies encapsulated within the DNA-labeled particles, determined from
the encapsulation efficiency (Equation .

DNAe:vt

EXEF=—
DNAencap

x 100% (2)

Encapsulation and extraction efficiency were calculated for several differ-
ent particle preparation procedures described above (Figure . DNA-label
encapsulation efficiency varied between 80 and 90% throughout the preparation
methods explored. This is on the high end of literature reported values for the
encapsulation of various drugs within PLGA particles, which range from 10%
52, 63|, 54 55, 56} 57, 58, 59] to 90% [60) (611, 62], 63, [64]. The high encapsulation
efficiency values observed here are likely due to the properties of the emulsifier
(TPGS) and DNA-labels themselves, as encapsulation efficiency is known to de-
pend heavily on these factors [39] 64} [I] and TPGS has been reported to improve

efficiency of emulsification and encapsulation [39] 46}, 47].
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Figure 7: DNA-label encapsulation and extraction efficiency for various particle preparation
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DNA-label extraction efficiency varied between 90 and 100% throughout the
preparation methods explored in Figure[7] ‘Since the DN A-labeled particles are
intended to be used as a tool to explore complex particle transport and hydro-
logical experiments in the lab and environment, it is important that the particle
detection, and therefore extraction efficiency, remain consistently at or near
100%, so the extraction efficiency values reported here provide confidence in the
efficacy of the DNA-labeled particles for their intended use. As the intended
application is quite novel, we are unaware of any reported values to compare
with the values observed here. In order to further quantify the reliability and
consistency of DNA-labeled particle detection, the extracted DNA-label con-
centration was measured over a wide range of particle concentrations (Figure
B).

The data included in Figure [§ represent the range of particle concentrations
that produced a linear relationship between particle concentration and DNA-
label copy count with an R? > 0.99. The highly correlated relationship suggests
that the DNA-Iabel count provides an accurate measure of particle concentra-
tion across a range of 7 orders of magnitude, from 0.01 mg/L to 10,000 mg/L
(10 - 107 particles/uL). As mentioned earlier, in order for the DNA-labeled

particle technology to be used as a transport measurement tool, a consistent
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Figure 8: Summary of the relationship between DNA-labeled particle concentration and the

extracted DNA count, as measured by qPCR.

relationship must be demonstrated between the DNA-label copy count and par-
ticle concentration. The nature of the relationship presented here suggests that
particle detection by DNA-label quantification is consistent and reliable across
a wide range of particle concentrations. It should also be mentioned here, that
for the particles used in this particular analysis (800 nm diameter), the relation-
ship between number concentration and DNA-label count resulted in a ratio of
1.2 DNA-labels per particle, on average. This ratio can be altered by varying
the initial amount of DNA-labels used in particle preparation, and in turn, the

range of detectable particle concentrations would shift in the same direction.

8.8. Environmental Applications

The main utility of the DNA-labeled particles lie in their ability to be used
for environmental transport studies, therefore determining their performance
under environmentally relevant conditions is of utmost importance. In this
section we present the preliminary results from two ongoing studies as a proof-
of-concept for the feasibility of environmental applications for the DNA-labeled

particles. The first study investigates the subsurface lateral breakthrough of
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3 uniquely DNA-labeled particle applications through a small hillslope at the
Sierra Foothills Research and Extension Center (SFREC) in Yuba County, CA.
The second study investigates the long term stability and biodegradation of
the DNA-labeled particles under various environmentally relevant conditions,
including natural stream water sampled from two locations along Putah Creek,
a tributary of the Sacramento River.

In order to test the suitability of the DNA-labeled particles for environmental
field studies and evaluate our ability to distinguish between unique DNA-labeled
signals in environmental samples, a subsurface lateral breakthrough experiment
was conducted on a small hillslope at the SFREC facility in Yuba County, CA.
The hillslope contains a vertically excavated trench face equipped with a water
collection system, allowing for the sampling of subsurface lateral flow from each
soil layer. The soil characteristics of the site have been evaluated in detail by
Swarowsky et al. [65]. During experiments water was collected from three soil
horizons, which included the A (0= 10.cm), AB (10 - 25 cm), and Btl (25 - 65
cm) horizons of the Haploxeralfs soils at the site [65].

Two separate experiments were conducted on January 20, 2017 (Experiment
1) and February 21, 2017 (Experiment 2) at the hillslope, which varied greatly in
rainfall amount, antecedent soil moisture content, and depth to perched water
table. The soil depth-dependent breakthrough curves for Experiments 1 and
2 are presented in Figure [J] Due to the significant precipitation before and
during Experiment 1, the hillslope formed a perched water table that reached
the soil surface and signs of overland flow were observed during the event. One
DNA-labeled particle tracer (10'? copy count; 309 + 76 nm; T4 sequence) was
applied 3 m upslope from the sampling point (i.e. trench face). Experiment 2
was conducted under drier conditions, with less precipitation before and during
the experiment, resulting in a lower water table and no signs of overland flow.
Two DNA-labeled particles tracers were simultaneously applied at 3 m (102
copy count; 307 & 70 nm; T10 sequence) and 5 m (10'2 copy count; 309 + 68
nm; T12 sequence) upslope from the sampling point.

Most importantly, both experiments resulted in breakthrough peaks at least
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Figure 9: Soil-depth dependent breakthrough curves for Experiments 1 & 2, with correspond-

ing 15 minute rainfall intensity.
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4 orders of magnitude above the detection limit and no difficulties were encoun-
tered distinguishing the DN A-labeled particles from background environmental
DNA. Furthermore, each unique DNA-label in Experiment 2 was quantified
independently, without interference from the other unique DNA-label applied
simultaneously or from legacy DNA left over from Experiment 1. Interest-
ingly, the particles were transported primarily in the top soil layer (0 - 10 cm)
in Experiment 1, due to the high water table, with two breakthrough: peaks
corresponding to the two rainfall events. In Experiment 2, the particles were
transported primarily in the second soil layer (10 - 25 cm), -due to the lower wa-
ter table. The results from these two experiments clearly provide evidence for
the utility of DNA-labeled particle tracers for environmental applications, with
no interference between unique DNA labels nor from background environmental
DNA.

In order to determine the appropriate time scale for environmental appli-
cations and environmental stability of the DNA-labeled particles, a long-term
degradation study was conducted. DNA-labeled particles (303 £ 72 nm, 100
mg/L) were prepared in DI water, NaCl (0.2 and 5.1 mM), and two different
stream water samples. Stream water (SW) was sampled from two locations
along Putah Creek, a tributary of the Sacramento River. SW 1 was sampled
from a stagnant and turbid portion of the creek located on the UC Davis cam-
pus in Davis; CA and SW 2 was sampled from a fast moving and clear portion
of the creek located upstream in Winters, CA. Additionally, each sample was
held at two different temperatures (2 and 20 °C) for the entirety of the study.
DNA-label concentration was then monitored over time and the results from
the first 223 days are summarized in Figure

While the DNA-label concentration remains relatively constant on the order
of 10 days, a steady decline is observed after this point for all environmental
conditions investigated. Most notably temperature appears to play a major role
in the degradation rate. In each case, higher temperature results in an increased
rate of degradation. NaCl appears to have no significant effect on degradation,

as the degradation curves in the presence of NaCl appear very similar to those
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Figure 10: DNA-labeled particle degradation in the presence of DI water (a), NaCl (b), and

stream water (c). Error bars represent standard deviation.
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in DI water. Interestingly, the presence of stream water appears to accelerate
the degradation rate at 20 °C, while decreasing the degradation rate at 2 °C,
as compared to DI water, and this effect was observed for both types of stream
water. We would expect natural stream water to contain copious amounts of
microbial life, leading to an increased rate of degradation, though the reason for
the relatively flat trend at 2 °C is unclear.

After 223 days, DNA-label concentrations under all conditions investigated
remain, at worst, an order of magnitude above the detection limit, with some re-
maining as high as 4 orders magnitude above the detection limit. These results
are in general agreement with previously reported results on the biodegrad-
ability of similar PLGA particles, which are on the order of weeks to months
[13| 1I]. Biodegradability on this scale is ideal, as it ensures the DNA-labeled
particles last long enough for experimental analysis, but don’t persist to pollute
the environment or contaminate future experiments with legacy DNA. Further-
more, these results reinforce the importance of control samples which are held
at identical experimental conditions to account for degradation, as mentioned

previously, especially for experiments lasting longer than 10 days.

4. Conclusions

Building from our previous work [13], 14} [15], [T6], this study presents a com-
prehensive and detailed approach to the preparation, characterization, analysis,
and quantitative detection of the DNA-labeled particle technology, a poten-
tially powerful tool to study environmental flow and transport. While previous
studies have demonstrated the utility of DNA [35] 86, 37] and DNA-labeled
particles [I3| [I4] 15 [16] as environmental tracers, the current study reports
advancements in the technology in several key areas, including size control, par-
ticle stability, and improved quantification. The introduction of TPGS into the
particle preparation process produced particles stable to aggregation, even in
the presence of concentrated salts, reducing the complicating effect of particle

aggregation, a problem that has been encountered in past applications of the
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technology [15]. By incorporating preparation methods previously developed for
drug delivery [I], DNA-labeled particles were produced with diameters ranging
from 60 nm to 1um, allowing for the control of particle size to better match
pathogens of interest, a benefit previously unavailable to studies utilizing this
technology. This study also presents a clear and reliable relationship between
particle concentration and DNA-label count which remains consistent across 7
orders of magnitude of particle concentration, a key component in illustrating
the efficacy of this technology that has not yet been reported. Additionally, this
study presents the results from environmental applications of the DNA-labeled
particles, highlighting their ability to be used in environmental studies without
interference between unique DNA-labels nor background biological media.
Whether exploring size-dependent transport phenomena or identifying po-
tential pathogen transport pathways, a tool for the consistent identification of
overlapping particle signals at a range of particle concentrations is crucial to suc-
cess. Furthermore, the benefit of ‘the DNA-labeled particles can be enhanced
by also recovering the fraction retained on environmental surfaces. While early
efforts of recovering the particles from soil has provided promising results [15],
the process has not yet been refined. Ultimately, the utility of the DNA-labeled
particle technology will be determined by how well it performs under varying
conditions found in the natural environment (i.e. natural organic matter, pH,
salinity),so the next step is to creatively apply the technology to help answer

transport questions in the lab and environment.
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Appendix A. Particle Preparation Details

Bare PLGA particles were prepared following a method similar to those
previously reported [43] [42] [I] and briefly described as follows. First, 50 mg
PLGA was dissolved in 2 mL dichloromethane (DCM) overnight. Then, 0.2 mL
ultrapure DI water was added and thoroughly mixed via vortex for 30 seconds:
This step is to simulate inclusion of DNA labels (though none are included in
this case) in order to remain consistent with the procedure for producing DNA-
labeled particles. The resulting mixture is then slowly poured into a beaker
of 25 mL ethanol, under moderate magnetic stirring, instantly resulting in a
two-phase emulsion. 25 mL ultrapure DI water was then slowly added to the
stirring emulsion and then allowed to stir for an-additional 10 minutes. Finally,
the DCM and ethanol were removed under vacuum at 30 °C (Buchi Rotovapor
R110) and the resulting PLGA particle suspension was stored at 2 °C for the

entirety of the study.
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Appendix B. DNA sequences

Table B.1: Nucleotide sequences of the 4 DN A-labels, primers, and probes used in this study.

Bold and underlined segments indicate forward and reverse primer locations.

T3 | 5- AAA GTA AAG CAG CAG AGG TGG ACA GAG GAA
GAG CAG AAG AAG GAA AGA ATG CTG GGA AGA

GGA AGA ACG CAA GGC AAA GCG GAG GTA - 3
T3 | 5- /56-FAM/AGC AGA AGA /ZEN/AGG AAA GAA TGC TGG
Probd GA/3IABKFQ/ - 3’

T4 | 5- ACA CGG ATC AAT CGG ATG TCA GGA TTC CCA
GCT CGC AAC TTA CCG ACC TGG ATG AGG AGT GGC CGT
GAA AGC ACA GAC ACC GTA GAA AAG ACA ACC CT

-3
T4 5- /SHEX/CGC AAC TTA /ZEN/CCG ACC TGG ATG AGG
Probg /3IABKFQ/ -3’

T10 | 5 - GGC TCT CAC TGT GTA CAT GTG TTA TCT GCC
TTT CGT CGG GGC GGT AAT TCT TGG TGC ACA
GAC AAT CTT AAT AAG AGT CAG GAC TGG GTC- ¥
T12 | 5- CCG TAG AGA TCT CCC ATC TGT CCT TTG CTG
AAG GTT AAA ACC CCG GAC CGC CTA GAA TAT
TCT TTC TTT AGC TCC AAA ATG GCCTCT C-¥

Appendix C. Additional Characterization Details

An aliquot of particle suspension was mixed with a pre-measured amount
of mono (NaCl) or divalent (CaCly) salt and the mean particle diameter was
immediately monitored over time. In this manner, the particle aggregation
rate, or rate of change in particle diameter over time, k, was measured under
varying ionic conditions. In each experiment, the particle concentration was
held constant at 10 mg/L (2.8x10* particles/uL) and the solution was buffered
to a pH of 7 using TE (5 mM Tris, 0.5 mM EDTA). The presence of ions in
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solution screens the electrical double layer repulsions between particles [66] and
reduces the energy barrier to particle aggregation. This charge screening effect
increases with ionic strength, until a salt concentration is reached where there is
effectively no energy barrier to aggregation and therefore particle aggregation is
only limited by the rate at which particles can diffuse towards one another. This
concentration is known as the critical coagulation concentration (CCC) and by
normalizing the aggregation rate under each condition to this diffusion limited
aggregation rate (kqifs), we can calculate the inverse stability factor (Eq. ,

which allows for the quantification of the stability of a particle suspension.

1000 100 mM NaCl 1000
—_ — ©10mM CaCl2
£ 900 m158 mMNaCI| € 900 o 91 |m12.5mmcaci
£ 800 00n.| [#200mMNacI| S goo AkGST - mi Lal
5 fetl= A225mMNacl| & AgoA 16 mM CaCl2
£ 700 ﬁ&gﬂ g 700 $ no 20 mM CaCl2
2 i, 0250 mMNacl| 5 oo mM Ca
& 600 @#@d N O315mMNacl| @ 600 § [l ° 025 mM CaCl2
2 500 g;ﬁ"ﬁ o9® 2 o398 mMNaC| D 500 B%gﬁ 0660°0 0131.5mM CaCl2
S #2009 § o teest®?| |2500mMNaCl 0900 ©40 mM CaCl2
S 400 Fay o228 PATSPEReY 400 g 00
£ 200 g‘.jgo‘.';".,'l.. =m 750 mMNaCl| & 200 @_99,10 Shabpebgs ||as01mMcac
o ° =1MNaCl o T T v ©63 mM CaCl2

200 #1.75M NaCl 200
0 5 10 15 0 5 10 15

a) Elapsed Time [min] b) Elapsed Time [min]

Figure C.11: Bare PLGA particle aggregation as a function of (a) NaCl and (b) CaCls con-

centration.

1 k

W kaifs

(C.1)

Asexpected, aggregation rate increased with salt concentration for the bare
PLGA particles (Figure with an increased sensitivity to the presence
of divalent CaCl,. Initial aggregation rates were constant throughout all salt
concentrations investigated, and so the first 10 minutes of particle aggregation
were used to calculate the aggregation rate (k) for each condition investigated.
The diffusion limited aggregation rate (kq;;s) was taken to be the aggregation
rate at which an increase in salt concentration did not result in an increase
in aggregation rate. In this manner, the inverse stability factor (1/W) was

determined for each experimental condition, as defined in Equation and
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Figure C.12: Zeta potential of bare PLGA and DNA-labeled particles as a function of ionic
strength. Error bars represent standard deviation. Experiments took place at pH 7 and

particle concentration of 10 mg/L (2.8x10% particles/uL).

presented in Figure

Displayed on a log-log scale, there are two distinct regions evident in the
particle stability results presented in Figure Within the first region, 1/W
increases with salt concentration until the CCC is reached, after which 1/W
remains constant at a value of 1. The CCC is then determined by interpolating
the data to find the point where these two regions meet. In this manner, we
determined the CCC values of bare PLGA particles to be 273 mM NaCl and 30

mM CaCly, which are similar to values reported in the literature [42] 43].
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Appendix D. Tabulated Data

Table D.2: Tabulated data contained in Figure

pH | Bare PLGA p. St. DNA-labeled PLGA (0.50% St.
108 [m?/Vs] Dev. TPGS) pe 10% [m?/Vs] Dev.
2.6 -0.28 0.50 -0.06 0.48
3.1 -0.79 0.40 -0.17 0.41
3.75 -1.53 0.41 -0.31 0.43
5.2 -2.40 0.50 -0.75 0.36
6.1 -3.33 0.46 -1.40 0.39
7.0 -3.43 0.63 -1.40 0.39
7.5 -3.50 0.45 -1.71 0.47
9.0 -3.90 0.50 -1.876 0.48
Table D.3: Tabulated data contained in Figure
NaCl Concentration | 1/W St. CaCl, 1/W St.
[mM] Dev. | Concentration [mM] Dev.
158 0.060[ 0.007 12.5 0.003| 0.002
200 0.228| 0.013 16 0.018| 0.007
225 0.448| 0.026 20 0.124| 0.003
250 0.537| 0.027 25 0.417] 0.006
315 0.908| 0.008 32 0.793| 0.008
398 0.983| 0.007 40 1.000] 0.014
500 0.991| 0.048 50 1.137] 0.012
750 0.986| 0.019 63 0.965| 0.016
1000 1.006| 0.028 - - -
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Table D.4: Tabulated data contained in Figure @

Particle Encapsulation St. Extraction St.
Preparation Efficiency [%)] Dev. | Efficiency [%] | Dev.
Method
0.05% TPGS 90.1 0.7 96.3 1.8
Double Emulsion
0.10% TPGS 88.1 3.8 92.1 4.9
Double Emulsion
0.30% TPGS 79.7 3.6 97.9 1.4
Double Emulsion
0.50% TPGS 88.3 1.9 103.5 6.8
Double Emulsion
Indirect 82.3 3.5 93.1 1.9
Nanoprecipitation
Direct 82.2 4.2 91.1 5.2
Nanoprecipitation
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Table D.5: Tabulated data contained in Figure @

Mass Concentration

Number Concentration

DNA-Label Count

[mg/L] [particles/uL] [copies/uL)
9.94E+03 2.77E+07 3.26E4-07
9.94E4-03 2.77E+07 3.15E+07
9.94E4-03 2.7T7E+07 3.15E+07
3.16E+03 8.80E+4-06 1.01E+07
3.16E4-03 8.80E+06 1.10E4-07
3.16E4-03 8.80E4-06 116E+07
9.99E4-02 2.78E+06 4.51E4-06
9.99E4-02 2.78E4-06 4.43E4-06
9.99E+02 2.78E4-06 4.48E4-06
3.16E4-02 8.79E+05 1.13E4-06
3.16E4-02 8.79E+05 1.09E4-06
3.16E+02 8.79E+05 1.17E+406
9.98E4-01 2.78E4-05 4.25E4-05
9.98E4-01 2.78E+405 4.32E+05
9.98E+-01 2.78E+05 4.17E4-05
3.156E4-01 8.78E+04 6.98E+04
3.15E+01 8.78E4-04 6.656E4-04
3.15E4-01 8.78E+04 6.55E+04
9.96E4-00 2.77E+04 2.36E+04
9.96E4-00 2.7T7E+04 2.04E+04
9.96E4-00 2.7T7E+04 2.21E4-04
3.15E+00 8.76E4-03 4.91E403
3.15E4-00 8.76E+03 3.85E+03
3.156E4-00 8.76E+03 3.33E+03
9.95E-01 2.77E+03 1.98E+4-03
9.95E-01 2.7TE4-03 1.84E4-03
9.94E-02 2.7TE4-02 4.21E402
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Table D.6: Tabulated data contained in Figure continued.

Mass Concentration

Number Concentration

DNA-Label Count

[mg/L] [particles/uL] [copies/uL)
9.94E-02 2.77TE4-02 4.23E4-02
3.14E-02 8.74E+01 6.97E+01
3.14E-02 8.74E+01 2.73E+01
9.92E-03 2.76E+401 2.23E401
9.92E-03 2.76E+01 1.92E4-01
1.05E+04 2.91E4-07 6.53E4-07
1.05E+04 2.91E4-07 6.08E+07
1.0bE+4-04 2.91E+07 6.04E4-07
3.16E+03 8.80E+4-06 2.29E4-07
3.16E4-03 8.80E+06 2.17E+07
3.16E4-03 8.80E+06 2.29E+07
9.99E+02 2.78E+06 4.19E4-06
9.99E4-02 2.78E4-06 4.05E4-06
9.99E+4-02 2.78E4-06 4.08E+06
9.98E+-01 2.78E+05 2.59E+05
9.98E4-01 2.78E+05 2.59E+05
9.98E+01 2.78E4-05 2.40E4-05
3.15E4-00 8.76E+03 5.50E+03
3.156E4-00 8.76E4-03 4.42E4-03
3.15E4-00 8.76E+03 4.10E4-03
9.95E-01 2.77E+03 3.43E+03
9.95E-01 2.77TE403 3.63E4-03
9.95E-01 2.7TE4-03 3.77E+03
3.14E-01 8.75E+02 4.99E4-02
3.14E-01 8.756E+402 4.47E402
3.14E-01 8.75E+02 4.63E4-02
3.14E-02 8.74E+01 1.20E+4-02
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Table D.7: Tabulated data contained in Figure continued.

Mass Concentration

Number Concentration

DNA-Label Count

[mg/L] [particles/uL] [copies/uL)
3.14E-02 8.74E401 8.48E+01
3.14E-02 8.74E+01 1.10E4-02
9.92E-03 2.76E+01 3.59E+01
9.92E-03 2.76E+401 3.12E4-01
9.92E-03 2.76E+01 4.79E4-01
1.00E+03 2.78E4-06 1.98E+4-06
1.00E+03 2.78E+06 1.88E4-06
1.00E+03 2.78E+06 2.22E4-06
9.94E-02 2.7TE402 1.39E+4-02
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