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Abstract

Small magnetic nanoparticles that have surfaces decorated with stimuli-responsive polymers can
be reversibly aggregated via a stimulus, such as temperature, to enable efficient and rapid
biomarker separation. To fully realize the potential of these particles, the synthesis needs to be
highly reproducible and scalable to large quantity. We have developed a new synthesis for
temperature-responsive magnetic nanoparticles via an in situ coprecipitation process of Fe2*/Fe3*
salts at room temperature with poly(acrylic acid)-block-poly(N-isopropylacrylamide) diblock
copolymer template, synthesized via the reversible addition— fragmentation chain-transfer
polymerization method. These particles were 56% polymer by weight with a 6.5:1 Fe/COOH ratio
and demonstrated remarkable stability over a 2 month period. The hydrodynamic diameter
remained constant at ~28 nm with a consistent transition temperature of 34 °C, and the magnetic
particle separation efficiency at 40 °C was =95% over the 2 month span. These properties were
maintained for all large-scale synthesis batches. To demonstrate the practical utility of the stimuli-
responsive magnetic nanoparticles, the particles were incorporated into a temperature-responsive
binary reagent system and efficiently separated a model protein biomarker (mouse 1gG) as well as
purified extracellular vesicles derived from a human biofluid, seminal plasma. The ease of using
these particles will prove beneficial for various biomedical applications.
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B INTRODUCTION

The capture and separation of biomolecules can be a valuable tool in identifying disease;
however, such desirable biomarkers are usually present in very low concentrations in
biofluids.12 The immunoaffinity capture mechanism has proven effective at concentrating
low-abundance biomarkers, making use of the interaction between antibodies and the target
molecule.3 The magnetic microbeads with immobilized antibodies have been utilized for
immunoprecipitation to enable clinical applications, like immunoassays and other life
science research.%° Particles in the micrometer range enable rapid magnetic separation but
compromise biomarker recognition kinetics and efficiency.2 Much smaller magnetic
nanoparticles (mNPs) of 25 nm diameter or less are well suited for biomarker recognition,?
however, limited magnetophoretic mobility due to small particle size leads to slow magnetic
separation lasting several hours.”:8 Our group and others have developed stimuli-responsive
mNPs to overcome this challenge and meet the need to balance recognition efficiency with
high-throughput scalability.2%-16 We decorate the mNP surfaces with stimuli-responsive
polymers, which drive the particles to reversibly aggregate via temperature or pH shift.
Although the unaggregated mNPs respond to the magnetic field sluggishly, the aggregates
can be rapidly captured in a few minutes via a modest magnetic field. Additionally, the
capability of “reversible aggregation” has been demonstrated in our previous publication via
a microfluidic device using pH as the stimulus.19 Prior to the separation, the particles with
bound protein analytes were aggregated by adjusting the solution to pH 7.4. In the
microchannel, the aggregates in low pH solution response to the magnetic field by crossing
the interface into a higher pH stream. Then, the aggregates redissolved in the higher pH
environment and the soluble particles could not be captured by the magnetic field.
Therefore, the purified protein markers could be continuously collected at the outlet. In this
particular case, the reversible aggregation was demonstrated using pH as the stimulus.
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Compared to the magnetic microbead (=1000 nm) with immobilized antibodies, the stimuli-
responsive mNPs can achieve rapid and highly efficient biomarker recognition while
maintaining the rapid magnetic separation. Our previous work has demonstrated that the
stimuli-responsive mNPs reagent system could achieve highly efficient biomarker
recognition almost instantaneously, where as the magnetic microbeads, such as Dynabeads,
took up to an hour of incubation to achieve the same level of biomarker recognition.2 The
significant difference in the binding kinetics likely reflected some combinations of
differences in diffusion properties, hydrodynamic factors, and sizes.

To fully realize the potential of stimuli-responsive mNPs, highly reproducible synthetic
approaches that enable precise control of particle properties for scale-up production are
needed. Various methods have been utilized for the synthesis of mNPs.17-25 The
functionalization required to provide the stimuli-responsiveness can be carried out either
simultaneously to or after synthesis of the mNPs.26-32 |n either case, controlling particle size
and surface coverage with polymer remains challenging. Our group previously published the
synthesis of stimuli-responsive mNPs via the one-step thermal decomposition method.2:9-12
In this process, poly(A-isopropylacrylamide) (pNIPAAmM) homopolymers with a
hydrophobic end group (dodecyl) formed polymeric micelles that were then loaded with
Fe(CO)s and heated at 190 °C for 5 h. This yielded temperature-responsive y-Fe;O3
nanoparticles, but prolonged high-temperature heating compromises reproducibility and
scale-up manufacturing.

To overcome this problem, here we report a new method where the particles are
simultaneously synthesized and functionalized in the presence of temperature-responsive
polymers through the in situ co-precipitation process.26:33:34 Our synthesis utilized a diblock
co-polymer of poly(acrylic acid)-block-poly(A-isopropylacrylamide) (pAAc-6-pNIPAAM),
where the deprotonated pAAc block acts as the coordinating segment for the iron cations,
whereas the pNIPAAmM segment was selected for its water solubility below its lower critical
solution temperature (LCST) of 32 °C and aggregation above the LCST.3% Our new polymer
matrix-assisted method enables room-temperature magnetic nanoparticle synthesis with
good particle stability and potential for scale-up production. To demonstrate the utility of the
new technology, we incorporated the new mNPs into a temperature-responsive binary
reagent system separation of protein biomarkers and purification of subpopulations of
extracellular vesicles (EVs).

B RESULTS AND DISCUSSION

Polymer Synthesis and Characterizations.

Temperature-responsive mNPs have been utilized for various biomedical applications,
including drug delivery,36-46 imaging,47+48 separation and detection.%1249-51 previous work
has shown temperature-responsive iron oxide nanoparticle synthesis using co-precipitation
in conjunction with surface modification,292-55 put controlling particle properties, such as
diameter and surface functionality, for the intended applications remains a challenge. Here,
we have developed a facile straightforward synthesis of temperature-responsive mNPs that
utilizes a diblock co-polymer as the template. The resulting iron oxide nanoparticles are
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superparamagnetic and temperature responsive without further surface functionalization, and
the synthesis is easy and highly reproducible.

The diblock co-polymer, used as the template for particle synthesis, was synthesized
according to Scheme 1. The first block of the polymers is composed of NIPAAm, which
exhibits a LCST between 30 and 35 °C.3556.57 The second block contains AAc, which was
designed to complex with iron cations via the carboxylate groups for coordinating the
particle synthesis.26:28.29.34.58 The pNIPAAM was first prepared via reversible addition—
fragmentation chain-transfer (RAFT) polymerization of NIPAAm in the presence of the
chain-transfer agent (CTA) and a radical initiator. 'H NMR spectroscopy was used to
confirm the successful polymerization (Figure S1A).5% A number average molecular weight
(M) of 18 820 Da was determined by gel permeation chromatography (GPC) that
corresponds to 163 monomeric units of NIPAAm with a polydispersity index (PDI) less than
1.10 (Figure S2). The resultant pNIPAAm block was utilized as the macro CTA (mCTA) for
the extension with fer-butyl acrylate (#BuA) via RAFT. The chemical shift of #butyl (£#Bu)
group at 1.4 ppm and the absence of vinyl signals in *H NMR spectrum (Figure S1B)
confirmed the successful addition of #BuA segment.26 The M, of the block co-polymer
determined by GPC was 20 040 Da corresponding to the addition of 10 #£BuA monomeric
units with a PDI less than 1.10 (Figure S2). To attain the carboxylates to serve as the
coordinating agent with iron cations as previously reported,26:33:34 the £Bu groups on the
polymer were cleaved with 20% trifluoroacetic acid (TFA) in dichloromethane. Complete
cleavage of £Bu group was confirmed by the disappearance of the peak at 1.4 ppm in 1H
NMR spectrum (Figure S1C).

Magnetic Nanoparticle Synthesis and Characterizations.

The block co-polymer was utilized in the in situ co-precipitation of temperature-responsive
iron oxide mNPs (Scheme 2). We tested various particle syntheses by keeping the polymer
concentration in the solution constant at 10 mg/ mL (4.99 mM acrylic acid) and varying Fe/
COOH ratio from 1.2:1 to 24.2:1 (6.05-120.9 mM) (Table S1). After the addition of NH4OH
for inducing iron oxide formation, all reactions resulted in stable colloids except the
reactions with >12.1:1 Fe/COOH ratio, which resulted in precipitates immediately. To
highlight the importance of the block co-polymer, the same synthesis was carried out either
with the pNIPAAmM mCTA or without any polymer. Both cases resulted in immediate
precipitation of particles, which phase separated from the solutions (Figure S3A,B).
Therefore, we conclude that the diblock co-polymer with pAAc segment is essential for
synthesizing colloidal stable iron oxide nanoparticles (Figure S3C). The mNPs that are
colloidal stable (I-V1) were purified via size exclusion chromatography (SEC) for further
characterizations.

The mNPs were characterized by dynamic light scattering (DLS), SEC, and transmission
electron microscopy (TEM).33 The DLS data show that the particle number-averaged
diameter increased from 19.8 + 0.3 to 30.9 + 0.8 nm when the Fe/COOH ratio varied from
1.2:1t0 9.1:1 during the synthesis (Figure 1A). The corresponding SEC chromato-grams,
showing retention time decreasing from 8.88 to 8.17 min, are in good agreement with the
DLS analysis. TEM analysis highlights that only the inorganic portion of the particle as
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polymers were not stained. The inorganic cores of the particles were predominantly
spherical in shape with a broad distribution ranging from approximately 4-24 nm in
diameter, as illustrated in Figure S4. The particle separation was evaluated in a simple
microtube with a magnetic tube rack. The particles were not aggregated nor captured at
room temperature, below the transition temperature. Once the solution temperature was
raised to 40 °C, the aggregated particles were captured by the applied magnetic field and the
separation efficiencies are summarized in Figure 1B. The separation efficiencies are —10%
for particles with Fe/COOH < 3.6:1 (I-111), ~40% for particle with Fe/COOH = 4.8:1 (1V),
and nearly 100% for particles with Fe/COOH = 6.5:1 (V and VI). Overall, the syntheses
using higher Fe/COOH ratios resulted in particles with larger diameters, which also
exhibited higher separation efficiency at 40 °C.

Particle V, which is the smallest particle with nearly 100% separation efficiency, was utilized
for additional characterizations. The temperature responsiveness of the particles was ~34 °C,
determined by cloud point measurements (Figure S5). The particle solution transitioned
from clear to opaque as the particles forming aggregates in response to environment stimuli,
such as temperature or pH shift. Measuring the solution absorbance at 500 nm (Figure S5)
allowed monitoring the aggregation, which resulted in significant absorbance increase
because the aggregates scatter light. The aggregates can be directly observed by eyes and do
not exhibit uniform shape nor size. The amount of polymer for temperatureresponsive mNPs
was estimated using thermogravimetric analysis (TGA). The analysis shows that ~56 wt %
of particle V is polymer (Figure 2). The weight loss at the temperature <125 °C is due to
residual water in the sample. The percent weight loss from 125 to 600 °C (56% by weight) is
attributed to the block co-polymer, which is in agreement with previous studies that indicate
the decomposition of pAAc at 260 °C and pNIPAAm from 220 to 440 °c.60-62

Stability of Temperature-Responsive mNPs.

Particle stability impacts its potential applications. This work evaluates the stability of the
particles, synthesized using the new approach, over a 2 month period by monitoring the
particle diameter by DLS, SEC retention time, magnetic separation efficiency, and transition
temperature. Both particle V and VI exhibit magnetic separation nearly 100% (Figure 1B)
and particle V was chosen for the stability evaluation as it portrays a smaller particle
diameter (Figure 1A), which can enable affinity separation with faster kinetics and higher
efficiency.? The stability evaluation was applied to four particle batches, synthesized using
the particle V recipe, Fe/COOH ratio = 6.5:1. After the SEC purification, all particle
solutions were kept at room temperature and the particles were analyzed at week 1-4, 6, and
9.

Figure 3A is the particle diameter histogram for batch A at week 1, measured by DLS. The
histogram shows the particle diameter varies from 21 to 50 nm with 28.2 nm median. The
corresponding histograms for batches B-D can be found in Figure S6. Figure 3B shows the
particle diameter distribution over the 2 month period for batch A and the median particle
diameter remained ~28 nm, which is similar to the other three batches. The retention time
(Figure 4A), analyzed using SEC chromatograms, remained constant around 8.3 min for all
four batches over the 2 month period. Additionally, the particle transition temperature
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(Figure 4B) stayed constant at 34 °C and the magnetic separation efficiency at 40 °C was
>95% (Figure 4C) for all four batches over the 2 month period. One solution showed a
decrease in magnetic separation at week 4, which was determined to be an outlier as the
separation efficiency was restored to >95% after week 4 and remained constant over the
following month of analysis. The consistency of the particle size, transition temperature, and
magnetic separation proves that these temperature-responsive mNPs can remain stable in
solution at room temperature over at least 2 months. TEM images show that the particle’s
uniformity and dispersibility are not good. However, the particle morphology does not have
significant impact for the particle stability. The stability is associated with the polymer
surface coverage on the particles as well as the polymer—particle surface interaction.
Sufficient coverage keeps particles soluble in aqueous environment, and strong polymer—
particle surface interaction keeps the polymers on the particle surface.2?

Synthesis.

Scalable particle synthesis is essential for commercialization potential. Therefore, the work
further challenged particle synthesis scalability by increasing the solution volume to 5x,
10x%, and 30x. All syntheses utilized the same recipe as particle V and only modified the
solution volumes to 5x, 10x, or 30x accordingly. Figure 5A shows the particle diameter
distribution for all three larger scale syntheses, which exhibit median diameter ~28 nm, and
the 30x synthesis has slightly wider distribution, 18-50 nm. Additionally, the particle
transition temperature (Figure 5B) was ~34 °C. The magnetic separation efficiency at room
temperature was ~2% opposed to the separation efficiencies at 40 °C (Figure 5C) were
>95% for all three larger batch syntheses (Figure S7). These data suggest that the particle
synthesis can be utilized for scale-up production.

Temperature-Responsive Binary Reagent System for Affinity Separation.

We have previously developed a binary reagent system for rapid and highly efficient affinity
separation of biomolecules.212:63 Compared to the currently utilized magnetic microbead
with immobilized antibodies, the binary reagent system comprises two stimuli-responsive
reagents, mNPs, constructed with a surface coating of temperature-responsive polymers, and
the capture antibody, conjugated to a similar polymer. The key innovation lies in separating
the antibody binder from the magnetic particle during the binding step, but bringing them
back together upon a small temperature change through the action of the “smart” polymers.
Therefore, the diffusive and binding advantages of small nanoscale reagents are exploited.
The system comes with the additional advantage of controllable transitions from a stable
colloidal suspension to micron-sized aggregates with high magnetophoretic mobility. Our
previous work has demonstrated that the binary reagent system exhibits faster and more
efficient biomarker isolation when compared to the magnetic microbeads with immobilized
antibodies.? The temperature-responsive mNPs, synthesized using the new approach, were
incorporated into the binary reagent system to demonstrate the separations of proteins and
EVs.

Target Protein Analyte Separation.

The protein analyte separation utilized mouse IgG as a model marker. The specimens were
prepared by spiking mouse 1gG into phosphate-buffered saline (PBS) with 2% bovine serum
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albumin (BSA). The temperature-responsive antibody conjugate was synthesized by
covalently grafting pNIPAAm to goat anti-mouse 1gG using our previous published
protocols.212:63 Because the mouse IgG is labeled with Alexa Fluor 488, the separation
efficiency can be quantitated by measuring the solution fluorescent intensity after the
separation. Decrease of solution fluorescent intensity indicates the mouse 1gG removal. The
separation data are summarized in Figure 6. Before the separation, the fluorescent intensity
for the solution with 12.3 gg/mL mouse 1gG was ~2600. After the magnetic separation, the
solution fluorescent intensity reduced to ~650 when the conjugate/mouse IgG ratio was
2.2:1. The signal reduced further when the conjugate/mouse IgG ratio was higher. The signal
reached bottom when the conjugate/mouse 1gG ratio was =9:1, which suggests that the
separation was maximum. The remaining solution fluorescent signal is likely caused by the
denatured mouse IgG and/or free Alexa Fluor 488. Therefore, the temperature-responsive
mNPs can be incorporated into the binary reagent system for rapid and efficient protein
biomarker separation.

Rapid and Highly Efficient Extracellular Vesicle Separation.

We further evaluated the binary reagent system for extracellular vesicle (EV) separation. To
assess EV separation from biological material, we isolated EVs from human semen, which is
known to contain a high concentration of EVs that express the common EV tetraspanin
markers CD81, CD9, and CD63.94-66 The EVs were labeled with Dil, a fluorescent
lipophilic cationic indocarbocyanine dye to enable detection of EVs in solution before and
after separation. The aforementioned anti-mouse IgG conjugates were used in conjunction
with monoclonal mouse 1gG against human CD81, CD9, and CD63 to enable EV separation;
the control experiments utilized a mouse 1gG1 y isotype. Compared to the EV solutions
without separation process, the fluorescent intensity of supernatants for the experiments
using control and tetraspanin antibodies shows 7 and 25% reductions, respectively (Figure
S8). Higher fluorescence reduction indicates EV purification. We also assessed the
efficiency of EV purification by quantifying microRNAs known to be carried by EVs from
semen. RNA is a biomarker commonly assessed in purified EVs and is likely to be used in
many downstream applications of EV separation using this binary reagent system. Analysis
of other vesicle content, such as DNA or protein, could be done with alternative lysis
protocols. Total RNA was isolated from the positively selected fractions following binary
reagent selection for tetraspanin proteins or control 1gG. The microRNAs, let-7b and
miR-29b, known to be present at high levels in semen EVs,57:68 were detected by
quantitative reverse transcription polymerase chain reaction (PCR) and normalized to the
levels of spike-in control (see Experimental Section). Compared to an equivalent volume of
untreated EVs or EVs subjected to the isolation protocol using control antibodies, which do
not specifically select for EV, let- 7b, and miR-29b were detected at 32- and 178-fold higher
concentrations, respectively, in the specifically selected sample (Figure 7). Taken together,
these results indicate that the binary reagent system with anti-tetraspanin antibodies
selectively isolated EVs. Compared to the Dynabeads, which requires a 2 day separation
process, the temperature-responsive binary reagent system isolated EV expressing one or
more common tetraspanin markers rapidly in <1.5 h.
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B CONCLUSIONS

In this study, the diblock co-polymer of pAAc-6-pNIPAAmM was synthesized by RAFT
polymerization. The polymers were later used for the synthesis of superparamagnetic iron
oxide mNPs via co-precipitation of iron salts. The new synthesis results in temperature-
responsive mNPs in one step without further surface modification. The mNPs reversibly
aggregate as the temperature is cycled above and below the transition temperature, 34 °C.
Aggregation of the mNPs results in an increase of the effective particle size, facilitating the
rapid magnetic separation of the particles by a modest applied field. The new synthesis is a
highly reproducible and scalable room-temperature reaction. The resulting particles maintain
the same properties and performance for at least 2 months of storage at room temperature.
The mNPs can be incorporated into the recently developed temperature-responsive binary
reagent system, which decouples the molecular recognition events from the magnetic
separation. The binary reagent system enables rapid recognition of target molecule,
including proteins and EVs, by the polymer-antibody conjugate in the soluble, hydrophilic
state and rapid magnetic separation of the captured molecules after co-aggregation of the
conjugates with mNPs. In addition to the biomarker separation, the mNPs can be combined
with different affinity reagents as the binary reagent system to enable various applications,
including cell manufacturing for enabling immune cell therapy.

B EXPERIMENTAL SECTION

Materials.

NIPAAmM (Aldrich, 97%) was recrystallized from hexanes and allowed to dry under vacuum
prior to use. fert-Butyl acrylate (£BuA; Aldrich, 98%) inhibitor was removed by passing
through alumina oxide column before use. Hexane (Fisher Scientific, 99.9%), aluminum
oxide, activated, basic, Brockmann |, standard grade, ~ 150 mesh, 58 A (Sigma-Aldrich), 4-
Cyano-4-[(dodecylsulfanulthiocarbonyl)sulfanyl]pentanoic acid (DCT; Aldrich, 97%), 4,4 -
azobiz(4-cyanovaleric acid) (ACVA; Aldrich, 298%), 1,4-dioxane (Fisher Scientific, 99.9%),
tetrahydrofuran (THF; Fisher Scientific, 99.9%), ethyl ether anhydrous (Fisher Scientific,
99.9%), pentane (OmniSolv, 98%), trifluoroacetic acid (TFA; Acros, 99%), dichloromethane
(EMD, 99.8%), iron(lIl) chloride hexahydrate (Sigma-Aldrich, 299%), iron(l1) chloride
tetrahydrate (Sigma-Aldrich, 299%), ammonium hydroxide (EDM, 28% as NH3), boric acid
(Fisher Scientific, 99.7%), sodium borate, 10-hydrate (J.T. Baker), N, A-dimethylformamide
(DMF; BDH, 99%), chloroform-d, methanol-a; (Cambridge isotope lab),
dicyclohexylcarbodiimide, and lithium bromide (Sigma-Aldrich). Phosphate-buffered saline
packets (1x PBS; 10 mM phosphate, 138 mM NaCl, 2.7 mM KCI, pH 7.4 at 25 °C) buffers
were purchased from Sigma. 4-Cyano-4-(ethylsulfanylthiocarbonyl) sulfanylpentanoic acid
(ECT) was synthesized as described previously.5% Antibodies include goat anti-mouse IgG
(Jackson ImmunoResearch, 115-005-008), mouse anti-human CD63 (BD, clone H5C6),
mouse anti-human CD81 (R&D Systems, clone 454720), and mouse anti-human CD9 (R&D
Systems, clone 209306).
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Poly(N-isopropylacrylamide) Macrochain Transfer Agent.—Polymerization was
done via RAFT in 1,4-dioxane. DCT was utilized as the chain-transfer agent (CTA), and
ACVA was utilized as the initiator. In the example synthesis, 10.0 g (88.37 mmol) of
NIPAAmM, 237 mg (0.589 mmol) of DCT, and 16.5 mg (0.0589 mmol) of ACVA were
dissolved in 26 mL of 1,4-dioxane in round-bottom flask. The monomer/CTA/initiator ratio
was 1500:10:1 to target M, of 17 kDa. After 30 min of N5 purging to remove O, the flask
was placed in an oil bath that has been preheated to 70 °C for 4 h. After cooled to the room
temperature, the polymer solution was diluted with THF and purified by precipitating in
12% ethyl ether in pentane. The polymer was dried under vacuum for 24 h.

Poly(acrylic acid)-block-Poly(N-isopropylacrylamide).—The diblock co-polymer of
pAAc-b-pNIPAAmM was synthesized by chain extending mCTA pNIPAAm with ~BuA via
RAFT and then deprotecting £Bu groups with trifluoroacetic acid to liberate carboxyl
groups. The polymerization was performed in 1,4-dioxane with ACVA as the initiator. For a
target Mn of 20 kDa, the monomer/mCTA/ initiator molar ratio was 199:9:1. In the example
synthesis, 7.0 g of mCTA (0.372 mmol), 1.03 g (8.07 mmol) of #BuA, 11.3 mg (40.3 xmol)
of ACVA were dissolved in 32 mL of 1,4-dioxane in round- bottom flask. After 30 min of
N, purging to remove O, the flask was placed in an oil bath that has been preheated to

70 °C for 5 h. After cooled to the room temperature, the polymer solution was diluted with
THF and purified by precipitating in 12% ethyl ether in pentane. The polymer was dried
under vacuum for 24 h.

The deprotection was carried out by treating ptBuA-4-pNIPAAmM with 20% TFA in
dichloromethane for 4 h at room temperature. After removing dichloromethane via rotary
evaporation, the solution was precipitated in 12% ethyl ether in pentane for purification. The
polymer was further purified via two additional washes with ethyl ether and pentane mixture
and dried under vacuum.

Poly(N-isopropylacrylamide) with an End N-Hydroxysuccinimide (NHS) Ester.
—The synthesis of pPNIPAAM-NHS is a two-step process, containing the synthesis of
pNIPAAm and the conversion of carboxylate to an active ester. Polymerization was done via
RAFT in 1,4-dioxane. ECT was utilized as the CTA, and ACVA was utilized as the initiator.
In the example synthesis, 4.97 g, (43.9 mmol) of NIPAAm, 32.6 mg (0.120 mmol) of ECT,
and 3.5 mg (0.01 mmol) of ACVA were dissolved in 12.5 mL of 1,4-dioxane in round-
bottom flask. After 30 min of N purging to remove O, the flask was placed in an oil bath
that has been preheated to 70 °C for 4 h. The polymers were collected by precipitation into
90% pentane/10% ether followed by vacuum-drying. To produce an amine-reactive NHS
ester (PNIPAAM-NHS), pNIPAAmM (2.5 g) and NHS (0.016 g) were dissolved in 10 mL of
dichloromethane. Dicyclohexylcarbodiimide (0.029 g) was added to this solution, and the
reaction was stirred at room temperature for 24 h. The polymer was collected by
precipitation into pentane and dried in vacuo.

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2019 May 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Jauregui et al. Page 10

Temperature-Responsive Iron Oxide Magnetic Nanoparticles.

The particles were synthesized via co-precipitation with pAAc-4-pNIPAAmM as the template.
The polymer was predissolved in nanopure H20 at 50 mg/mL. FeCl, and FeCl3 were
predissolved in nanopure H,O at 0.065 M with the FeCl,/FeCl3 molar ratio as 1:2. The
polymer solution, iron salt solution, and additional nanopure H,O were purged with N, to
remove Oo. For 1 mL synthesis, 200 L of polymer solution was mixed with 300 yL of
nanopure H20 and 500 /A of iron salt solution. After stirring for 30 min, 40 zL of NH,OH
(28% NH3 in H,0) was added into the mixture. The solution changed from clear transparent
to light brown. After 30 min at room temperature, the solution was filtered with 0.2 xm
poly(vinylidene difluoride) (PVDF) syringe filter. The mNPs in the filtrate were purified via
size exclusion chromatography (SEC) performed on BioCAD SPRINT Workstation,
equipped with BioSEP-SEC-s4000 column made by Phenomenex. The mobile phase was 20
mM borate buffer at a flow rate of 5 mL/min with absorbance measured at 306 nm. The
SEC-purified particles were concentrated with a 30 kDa Amicon Ultra Centrifugal filter.
After purification, the particles were collected by lyophilization.

Polymer—Antibody Conjugate.—The conjugates were prepared by mixing pNIPAAmM-
NHS and antibodies (Abs) at a polymer/antibody molar ratio of 100:1. Goat anti-mouse IgG,
Fcy fragment specific, was diluted into 25 mM Na,CO3/NaHCO3, pH 9.5, and cooled. The
pPNIPAM-NHS was added to the Ab solution and mixed for 18 h at 4 °C. The solution was
filtered with 0.2 ym PVDF syringe filter. The conjugates in the filtrate were isolated via size
exclusion chromatography (SEC), which was used for mNP purification. The SEC-purified
conjugates were concentrated with a 30 kDa Amicon Ultra Centrifugal filter.

Characterizations.

Gel Permeation Chromatography.—Polymer molecular weights and polydispersity
were characterized by gel permeation chromatography. Columns utilized were Tosoh SEC
TSK-GEL a—-3000 and a.-e4000 (Tosoh Bioscience, Montgomeryville, PA). They were
attached to Agilent 1200 Series Liquid Chromatography System (Santa Clara, CA), Wyatt
Technology miniDAWN TREOS, 3 angle MALS light scattering instrument, and Optilab T-
rEX, refractive index (RI) detector (Santa Barbara, CA). The mobile phase flow rate was 1
mL/min at 60 °C, which consists of 0.1 wt % LiBr in high-performance liquid
chromatography-grade DMF. The dn/dc value for polymers was determined by making
polymer concentrations of: 0.5, 1.0, 1.5, 2.0, 2.5, 3.0 mg/mL, which were analyzed by the RI
detector postcolumn.

1H NMR Analysis.—The chemical composition of mMCTA was confirmed by IH NMR
spectrum (300 MHz, CDClj, & (ppm): 4.00, 1.16 (s, R— CO—NH—CH—(CH3),)). Chemical
composition for ptBuA-4-pNIPAAmM was confirmed *H NMR spectrum (300 MHz, CDCls,
& (ppm): 4.0, 1.16 (s, R—CO—NH—-CH—(CH3),), 1.4 (s, R—CO—0(H3)3). Complete
cleavage of fert-butyl group yielding p(NIPAAm)-4-p(acrylic acid) was confirmed by 1H
NMR spectrum (300 MHz, MeOD) showing the absence of peak at 6§ 1.4 ppm (s, R—CO—
O(CH3)3) corresponding to #butyl group. The protons corresponding to methylene and
methane on the main chain have peaks at 6 1.60, 2.10 ppm, respectively, for all polymers.
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Dynamic Light Scattering.—Hydrodynamic diameter measurements were taken with
Zetasizer Nano ZS instrument. A 633 nm He—Ne laser was utilized as the incident beam,
and the measurements were performed at 173° backscatter angle. 1 mL samples of 1.22
mg/mL mNPs in PBS, filtered by 0.2 um cutoff PVDF filters were used for the particle size
measurements. A minimum of three measurements was taken for each sample.

Size Exclusion Chromatography.—The mNPs were injected into the BioCAD SPRINT
Workstation equipped with BioSEP-SEC-s4000 column made by Phenomenex. Samples
were injected into 2 mL of loop at 0.30 mg/mL concentration. The retention time was
defined as the time at which the peak height attains the maximum in the chromatogram.

Transmission Electron Microscopy.—The morphology for the magnetic nanoparticles
was analyzed utilizing a Tecnai G2 F20 Superwin transmission electron microscope (200
kV). The colloidal solution of mNPs in water was deposited onto 300 mesh lacy carbon on
copper grid as well as 300 mesh single layer grapheme on lacy carbon grid both made by
Ted Pella and allowed to dry before analysis. The images were analyzed via ImageJ, to
measure the diameter of the particles.

Magnetic Separation Efficiency.—To characterize magnetic separation efficiency, 180
L of 1.22 mg/mL mNP solution in PBS was taken in 1.5 mL microfuge tube and incubated
at 40 °C for 3 min. Subsequently, the tube was transferred to a magnetic heatblock at 40 °C
and allowed to separate for 3 min. The supernatant was collected and analyzed using the
spectrophotometer, Hewlett Packard 8452A diode array. The supernatant was compared to
the mNP solution before the separation using absorbance at 450 nm to determine the
separation efficiency as follows

A450b - A4SOS
% separation = ———— x 100% (1)
A450
b

A.a500 and A.450 are the absorbance at 450 nm for the solution before magnetic separation
and the supernatant. For room-temperature separation, the same procedure was followed,
however, particles were incubated at 25 °C instead of 40 °C.

Thermogravimetric Analysis.—A total of 5 mg of MNP was utilized to determine the
amount of polymer that coordinated with iron oxide surfaces. The measurements were
carried out on PerkinElmer TGA—Pyris 7 instrument under nitrogen, from 30 to 600 °C at a
heating rate of 10 °C/min.

Cloud Point Measurement.—The transition temperature was identified as the
temperature at which the absorbance at 500 nm reached 0.5 au. The concentration of mNPs
was 1.22 mg/mL in PBS. The data were collected using a UV-vis spectrophotometer with a
jacketed cuvette holder to control the temperature of the sample. A heating rate of

0.5 °C/min was used, and absorbance values were measured every 0.5-1.0 °C.
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Separation via the Binary Reagent System.

Mouse IgG Separation.—The protein analyte separation utilized mouse 1gG as the model
marker. The specimens were prepared by spiking mouse 1gG into PBS with 2% BSA. The
total volume for each experiment was 122 zi, containing 60 gL of mouse 1gG (25 pg/mL),
12.2 4l of mNPs (12 mg/mL), and various amount of anti-mouse 1gG polymer—antibody
conjugates. After the addition of conjugates and mNPs, the solution mixer was briefly
vortexed. Then, followed the aforementioned magnetic separation protocol to isolate the
analytes. After the separation, the supernatants were collected for fluorescence measurement
to determine the separation efficiency.

Extracellular Vesicle Separation.—The separation utilized EVs from semen. All semen
samples were obtained from healthy men volunteering for research studies at the University
of Washington. Protocols were approved by the institutional review boards of the University
of Washington. Ejaculates were collected in sterile containers and frozen at —20 °C prior to
processing. EVs were purified as described,®7 briefly, semen samples were allowed to thaw
and liquefy for 20 min at room temperature. Seminal plasma, containing exosomes, was
separated from the cell fraction and cell debris by centrifugation at 1000g for 10 min, then
centrifugation at 2400g for 30 min followed by 0.45 and 0.22 tm syringe filtration (Millex
HA). EVs were purified by ultracentrifugation at 100 000g for 90 min at over a sucrose
cushion composed of a 20 mM Tris/30% sucrose/deuterium oxide (D,0) cushion (pH 7.4)
(Sigma). The upper layer was collected and ultracentrifuged again at 100 000g for 14 h at

4 °C over a 20 mM Tris/25% sucrose/D,0 cushion (pH 7.4). The 30 and 25% sucrose
cushions containing the EV fraction were pooled and washed with 30 mL of PBS by
centrifuging at 24009 through an Amicon Ultracel 100 kDa cellulose centrifugal filter and
concentrated to a final volume of 425 y1_ to 3.2 mL. EVs were stored at —80 °C. All
experiments used pools of EVs from five individual men.

To monitor the EV separation via fluorescence measurement, semen EV pools were stained
with Dil lipophilic tracer at 0.5 mg/mL for 20 min at 37 °C according to manufacturer’s
instructions (Thermo Fisher). After staining, SEV were resuspended in 15 mL of PBS and
washed and concentrated to their original volume by centrifugation at 2400g in an Amicon
Ultracel 100 kDa cellulose centrifugal filter.

For EV separation, the total volume for each experiment was 400 z1_, including 2001 of
purified Dil labeled EVs, 104L of tetraspanin (or control) antibodies, 40 zL of 250 mM
NaCl, and 40 L of mNPs. The rest of volume was filled up with PBS. Each experiment
contained 5 g (33.3 pmol) of mouse anti-human tetraspanin (or control) antibodies, 160
pmol anti-mouse 1gG conjugates, 10 zmol NaCl, and 400 g mNPs. The tetraspanin
antibodies included equal amount of mouse IgG antibodies against human CD63, CD9, and
CD81, and the control experiments used a mouse IgG1 y isotype. After the addition of
tetraspanin (or control) antibodies, the solution mixers were incubated for 30 min. The same
incubation was applied to the solution mixer after the addition of the anti-mouse 1gG
conjugates. Then, the mixtures were incubated at 40 °C for 5 min before magnetic
separation at 40 °C for 5 min. The supernatants were collected for fluorescence
measurement, and the captured pellets were collected for RNA analysis.
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For RNA extraction, 5 pL of 5 nM synthetic cel-miR-39 (Qiagen) was added to EV purified
with binary reagent system during lysis to normalize RNA extraction and reverse
transcription across samples. Total RNA was isolated using the miRCURY RNA Isolation
kit (Exigon) according to the manufacturer’s instructions. Reverse transcription was carried
out using specific primers for cel-miR-39, mir-29b, and let-7b using Tagman microRNA
reverse transcription kits according to instructions (Thermo Fisher). After reverse
transcription, cDNA was diluted fivefold with water and 6.75 gL of cDNA was used in a 15
L final PCR reaction volume using Tagman 2x master mix and Tagman microRNA primer/
probe sets, according to instructions (Thermo Fisher).
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Characterizations of temperature-responsive mNPs. (A) Dynamic light scattering (DLS)
analysis shows the particle diameter varied from 19.8 £ 0.3 to 30.9 £ 0.8 nm when the Fe/
COOH ratio varied from 1.2:1 to 9.1:1 during the synthesis. The SEC analysis shows the
decrease of retention time from 8.88 to 8.17 min. Shorter retention time for higher Fe/
COOH ratio indicates larger particle diameter, which is in good agreement with the DLS
analysis. (B) The mNP separation at 40 °C. The separation efficiencies were <10% for the
particles with smaller diameter (Fe/COOH < 3.6:1), increased to ~40% for the particle with
slightly larger diameter (Fe/COOH = 4.8:1), and further increased to nearly 100% for the

two larger particles (Fe/COOH = 6.5:1).
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Figure 2.
Thermogravimetric analysis (TGA) curve shows weight loss at the temperature <125 °C,

which is likely due to residual water in the sample. The weight loss from 125 to 600 °C is
attributed to the polymer, which is ~56% of the particle mass.
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Figure 3.
DLS analysis for particle size distribution. (A) Particle size distribution right after the

synthesis shows that the particle diameter varies from 21 to 50 nm with 28.2 nm median. (B)
The monitoring of particle size distribution over a 2 month storage at room temperature
shows that the particle diameters were slightly smaller but not statistically significantly
different when compared to week 1. The median particle diameter remained ~28 nm.
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Figure 4.

Particle stability data for 2 month storage at room temperature. (A) SEC analysis shows the
retention time for all particles remained constant around 8.3 min; (B) cloud point
measurements shows the transition temperature for all particle remained constant around

34 °C; and (C) the magnetic separation efficiency for all particles at 40 °C was =95% (batch
B week 4 was an outlier) over 2 month period.
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Characterizations for scale-up particle synthesis. (A) Particle diameter distribution shows
median diameter ~28 nm for all three syntheses. The 30x synthesis exhibits slighter wider
diameter distribution, 18-50 nm. (B) Cloud point measurements show that the transition
temperatures for all mNPs were ~34 °C. (C) All mNPs exhibit 295% magnetic separation
efficiencies at 40 °C.
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Figure 6.
Mouse IgG separation via the binary reagent system. Before the separation, the fluorescent

intensity for the solution with 12.3 1g/ mL of mouse 1gG was ~2600. After the magnetic

separation, the solution fluorescent intensity reduced to ~650 when the conjugate/ mouse
IgG ratio was 2.2:1. The signal reduced further when the conjugate/mouse IgG ratio was
higher. The signal reached bottom when the conjugate/mouse 1gG ratio was =9:1, which

suggests that the separation was maximum.

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2019 May 29.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Jauregui et al.

Page 24

B "iR-29b
2004 WM let-7b

Q
= &
© -
> ~
8 k=2
-
= 3
¥ 3
g 20 3
< N
g o
& 5
(14 c
o~ o

IS

50+

Figure7.
EV-associated microRNAs are enhanced in samples selected using anti-tetraspanin

antibodies in the binary reagent system. Total RNA was isolated from semen EV diluted to
the same final volume as experimental samples, and samples purified in the binary reagent
system using the specific control or exosome-specific anti-tetraspanin antibodies. Equal
volumes of resulting RNA were subjected to reverse transcription and microRNA analysis
using quantitative PCR. Results are normalized to a spike-in synthetic microRNA to
normalize for differences in RNA extraction or reverse transcription efficiency. Normalized
Ct values are compared to the mean result for diluted semen EV alone which is defined as 1.
Results from three replicate experiments are plotted.
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Scheme 1. RAFT-Mediated Synthesis of Diblock Copolymers Consisting of a Poly(N-
isopropylacrylamide) (pNIPAAm, m = 163) Block and a Block Incorporating tert- Butyl Acrylate
(t-BuA, n = 10)3

4The tert-butyl groups were cleaved by TFA treatment, which resulted in poly(acrylic acid)-

block-poly(N-isopropylacrylamide).
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4The RAFT-synthesized diblock co-polymer of pAAc-6-pNIPAAmM complexes with iron

cations (Fe2*/Fe3*) in water. Then, the addition of NH,OH induced the iron oxide particle
formation
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