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{

The size aj hemistry of nanoparticles dictate their interactions with biological systems.

o | . . . ..
However, igremains unclear how these key physicochemical properties affect the cellular association

of nanopartigles ginder dynamic flow conditions encountered in human vascular networks. Here we

C

report the ynthesis of novel fluorescent nanoparticles with tunable sizes and surface

chemistrieg¥and’ th@ir association with primary human umbilical vein endothelial cells (HUVECs).

S

First, we d a one-pot polymerization-induced self-assembly (PISA) methodology to

U

covalently j te a commercially available fluorescent dye into the nanoparticle core and tuning

nanoparticl§” size and surface chemistry. To characterize cellular association under flow, HUVECs

n

were cultured onto the surface of a synthetic microvascular network embedded in a microfluidic

device (S INC). Interestingly, increasing the size of carboxylic acid-functionalized

d

nanopa o the higher cellular association under static conditions but lower cellular

association flow conditions. Whereas increasing the size of tertiary amine-decorated

M

nanoparticles resulted in a higher level of cellular association, under both static and flow conditions.

These findihgs provide new insights into the interactions between polymeric nanomaterials and

[

endothelial Itogether, this work establishes innovative methods for the facile synthesis and

ization of polymeric nanomaterials for various potential applications.

0

biological

1. Intro

th

Polymer aterials hold great potential for improving the diagnosis and treatment of diseases

with reduc

U

get effects.!" The encapsulation of drugs and imaging agents inside the core of

nanomat s been shown to improve drug efficacy and imaging contrast by enhancing in vivo

A
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solubility, stability, and targeting.®* This encapsulation also reduces peripheral toxicity and
cardiotoxicity that would otherwise be encountered during the circulation of these compounds around
the cardmystem.[s] Moreover, antibodies covalently attached to the surface of nanoparticles
are able toimmune responses against bacteria, viruses and cancer cells more effectively
than fremsantibedies. ' In cardiovascular diseases, nanoparticles decorated with targeting ligands have
been increhxploited for the delivery of therapeutics to the vascular wall (i.e., endothelial

cells).!”

For the aboy€ clinical applications, nanomaterials circulate in the human vascular network before

SC

reaching t ts (e.g., cancer cells, immune cells, or blood clots).® As such, investigating and

U

understandi ‘omplex nano-bio interactions between nanomaterials and biological systems inside

vascular ngfworks (e.g., endothelial cell adhesion) are critical for designing nanoparticles with desired

N

properties for these applications.” For instance, nanoparticles carrying anti-cancer drugs are expected

to have a i ff-target association with healthy endothelial cells before reaching tumors."” On

a

the oth - ific association between nanomaterials and endothelial cells may be beneficial for

91

use in ¢ cular diseases.”' Despite these potential benefits, the interactions between

]

nanomaterials and endothelial cells under flow conditions in vascular networks remain poorly

characteri due to a lack of suitable models.!"

[

A majot pe in the in vitro characterization of interactions between nanomaterials and

endothelial to mimic dynamic flow conditions and complex microenvironments that exist

12-13

within ular networks."*"*! Traditional approaches for studying nano-bio interactions

h

{

typicall cubating nanoparticles with cells under static conditions (e.g., in a well-plate),

which clearly failsfio model dynamic flow conditions in the vascular network.!"* Considerable efforts

Ul

have been mad develop reliable methods for evaluating cellular associations of nanomaterials

A
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under realistic flow conditions. For example, Langer and coworkers have developed a simple
microfluidic device lined with cells as a tool for determining parameters that affect cellular interaction
of nanopadcles under flow conditions.""”! This device was prepared by using electrical tape to attach

a polydime w ane (PDMS) mould onto a glass slide to create a single, straight microchannel (54

P

x 900 mmymeSammel and colleagues have employed a more complex microfluidic device with
multichavaaluate cellular uptake of silica particles into endothelial cells.!" This work

highlightedithat sh@ar stress and surface chemistry are critical parameters for nanoparticle uptake by

C

endothelial gellg®€ To date, the majority of studies in nano-bio interactions under flow conditions

S

employ mi ufdic devices with simple straight microchannels, which do not adequately reflect the

complex geometryjand dynamic shear rates found in vascular networks.

U

Recent ddvances in computer-aided lithography have enabled the manufacture of microfluidic

[

devices with vascular network mimicking channels. In particular, Prabhakarpandian and coworkers

d

have succ

eveloped physiologically realistic synthetic microvascular networks (SMNs) for

modeli nd particle-cell interactions in the microvasculature."”"® These SMNs not only

possess a geometry similar to microvasculature but also can mimic various shear rates

19-20

observed in vivo.'""*") Mitragotri and colleagues have employed these SMNs to explore the effects of

nanoparticlgl shape and flow on targeting antibody-coated nanoparticles to lung and brain

[

endotheliu oreover, variants of the SMN have been developed which incorporate both a
SMN and a egion, thus allowing rapid screening of cancer drug delivery systems.'****! So far,

these realigfic SMNs have been employed to investigate the effect of only single physicochemical

h

property mic nanomaterials (e.g., size or surface chemistry alone) on nano-bio interactions
under ﬂovSns. As such, we still do not understand how the nano-bio interactions in vascular

networks ge with systematic variation of multiple nanoparticle physicochemical properties

This article is protected by copyright. All rights reserved.
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(e.g., both size and surface chemistry). In order to gain such understanding, it is necessary to

reproducibly synthesize a comprehensive library of fluorescently labeled polymeric nanoparticles

{

with vario®s surface chemistries and similar size, as well as various sizes and identical surface

chemistry.

|
We havgy recently developed several reversible addition-fragmentation chain transfer (RAFT)

emulsion polymesization techniques that can be used to synthesize nanoparticles with tunable size,

C

shape, and chemistry via either polymerization-induced self-assembly (PISA) or temperature-

induced m logical transformation (TIMT).**** Emulsion polymerization is an environmentally

S

and indust iendly technique that can be used to reproducibly yield large-scale, concentrated

U

nanopartic sions in water.”'** Significantly, PISA can be employed to prepare nanoparticles

with varioyf sizes (diameters) and identical surface chemistry by using a single macromolecular chain

[

transfer agent (macro-CTA) and different amount of a hydrophobic monomer (i.e., styrene).”* The

diameters PISA nanoparticles could be predetermined before the polymerization, thus

a

allowin cible production of nanoparticles with the desired size. However, modification of

the macro- d group typically resulted in a change in the morphology of PISA nanoparticles

Vi

]

(from sphere to worm and vesicle)."¥ As such, it remains challenging to prepare spherical

nanoparticl@s with different surface chemistries and similar size via the PISA technique. Additionally,

[

the core of| anoparticles has not been labeled with a commercially available fluorescent dye,

thus limitin

O

pplications in nano-bio interaction studies.

To a

n

synthesis challenges, we developed a PISA formulation for the production of

L

fluoresc d spherical nanoparticles that have the same size and various surface chemistries

as well as the idenfical surface chemistry and different sizes. This PISA technique allowed the facile

b

preparation of ary of 12 nanoparticles (4 surface chemistries x 3 sizes). These nanoparticles were

A
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fluorescently labeled with a commercially available CyanineS maleimide (Cy5-maleimide,
Lumiprobe) to allow the subsequent studies of nano-bio interactions. To characterize the association
of theseMes with endothelial cells under flow conditions, HUVECs were cultured under cell
medium f&ascular network microchannels of a microfluidic chip (SynVivo). After the
HUVEGs beeamemconfluent, fluorescently labeled nanoparticles were injected into the vascular
network clLsing a syringe pump. Subsequently, the HUVECs were collected and analyzed
using ﬂow@y and confocal microscopy. Interestingly, data obtained revealed for the first time
the interplme, surface chemistry and flow conditions in the cellular association of PISA

nanoparticlcs®

2. Results and Discussion
diameter

First, ied the carboxylic acid group of 4-cyano-4-(ethylthiocarbonothioylthio) pentanoic
acid (ECT) wi thanol (Me), dimethylamino-1-propanol (TA) and poly(ethylene glycol) methyl

ether (

2.1. SyntthSA nanoparticles having various surface chemistries and a predetermined

cheme 1A) to produce three new CTAs with different functional groups (ECT-Me,
ECT-TA, e!d ECT-PEG, respectively). 'H NMR spectra (Figure S1) confirm the successful synthesis

of these mur CTAs (including ECT) were subsequently employed in RAFT solution

polymeriza EGA and HEAA using ACPA as a radical initiator (Scheme 1B). It is worth

noting thatfia low ACPA/CTA ratio (5 mol% instead of 10%) was judiciously selected to produce
wellde&CTAs with high end-group fidelity.** In this work, the high end-group fidelity of
macro-CT n important role because these end groups introduce different surface chemistries
(a pre—moﬁ approach). After purification, well-defined macro-CTAs with four different end

groups w ained. In contrast to the different end groups, these macro-CTAs exhibit similar

This article is protected by copyright. All rights reserved.
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compositions and molecular weights (Table S1), which is expected to facilitate reproducible access to

PISA nanoparticles with predetermined sizes."**] That said, the difference in macro-CTA end group

{

has been found to affect the morphology of nanoparticles obtained by the PISA technique.”*] As such,
it is challefg prepare spherical nanoparticles with different surface chemistries using PISA

technique.

rip

To addresg this challenge, a low ACPA/macro-CTA ratio (12 mol%) was chosen for RAFT

G

emulsion p ation of styrene. In our previous work, when employing a macro-CTA terminated

with a metlilyl @6tefigroup, it has been demonstrated that this low ACPA/macro-CTA ratio resulted in

S

a reduced f polymer chains aggregating during the initial phase of the PISA process and the

U

formation anoparticles having a spherical morphology.’* In this work, we hypothesized that

using this ffow ratio of ACPA/macro-CTA (12 mol%) would also lead to only spherical PISA

n

nanoparticles dless of macro-CTAs having four different end groups. To test this hypothesis,

four emulsi@ merizations of styrene using 12 mol% of ACPA/macro-CTA ratio and macro-

CTAs lic acid (COOH), methyl ester (Me), tertiary amine ester (TA), and PEG end

groups we cted. After the emulsion polymerizations, the morphology of nanoparticles was

\Y

characterized by TEM. Figure S4 shows that all nanoparticles with different surface chemistries

exhibited thg same spherical shape and relatively similar size, regardless of macro-CTAs end groups.

[

This suppo pothesis and demonstrates for the first time that PISA technique, in addition to its

O

well-known ity to tune particles size and shape, can also be used to prepare spherical

nanoparticl@s with various surface chemistries and predetermined particle sizes.

h

2.2. A nov ethod to label nanoparticles with a commercially available fluorescent dye

Lit

To label anoparticles with fluorescent dyes, there are several techniques available in the

literatur stance, Armes and coworkers have developed a post-modification method to label the

A
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surfaces of PISA nanoparticles with rhodamine dyes using thiol chemistry.®*! The presence of
rhodamine dyes on the surface may affect the cellular association of PISA nanoparticles and therefore,
this appm suitable for this study. To label the core of PISA nanoparticles with fluorescent
dyes, Clavi @ blleagues synthesized a family of boron-dipyrromethene (BODIPY) monomers."®
This mathodseamsemvalently attach fluorescent dyes in the core of PISA nanoparticles during emulsion
polymerizahwever, these BODIPY monomers are not commercially available and this method
is limited t‘ a sma’ number of fluorescent dyes. To develop a more facile and versatile technique, we

selected C imide as a representative for a large family of commercially available fluorescent
m,

dyes havin, imide functional group. It has been shown that N-substituted maleimides rapidly
insert into growins;)olystyrene chains allowing the precise incorporation of N-substituted maleimide
units in the ers.”"?% As such, we hypothesized that N-substituted Cy5-maleimide dye could
rapidly coc

styrene (Smﬁ). To verify this hypothesis, CyS-maleimide in styrene was added after 4 h

emulsion polymerization of styrene (when the solution became turbid indicating PISA nanoparticles

e with styrene during the PISA process, even in the presence of a high excess of

formed). Afte ther 2 h of polymerization followed by purification by dialysis, the polymer

product terized by SEC coupled with refractive index (RI) and UV-Vis detectors. SEC
traces from RI and UV-Vis detectors in Figure S5 revealed two peaks at a relatively similar retention
time at ap';%maely 26 mins, suggesting that the Cy5 dye had been covalently incorporated into the
polystyrenthe core of PISA nanoparticles). This PISA method (the addition of maleimide

dyes durin rocess) paves the way for the facile and versatile labeling of PISA nanoparticles

with co vailable fluorescent dyes.

T

We emp:s newly developed PISA method to prepare a library of 12 fluorescently labelled

nanoparticl ano-bio interaction studies (Figure 1). The nanoparticle library consists of three

<

This article is protected by copyright. All rights reserved.

8



WILEY-VCH

sizes (small: ~40 nm, medium: ~70 nm, and large: ~130 nm) and four surface chemistries (carboxylic
acid: COOH, tertiary amine: TA, methyl ester: Me and PEG). The sizes of nanoparticles were
precisel}Md before the polymerization by targeting different molecular weights (Figure S6 to

$9).5%! Thi @ s to produce PISA nanoparticles with relatively similar sizes (see TEM images in

Figure i andelewmdispersity (below 0.2, see DLS data in Table S2 to S5) even though four different
macro-CTLused. The surface chemistries of nanoparticles were changed by modifying the

CTAs as di§cussediabove. It should be noted that altering the surface chemistries of the nanoparticles

C

did not resuds i appreciable differences in zeta potential (Table S2 to S5). Nonetheless, this pre-

S

modificatio ach allows us to estimate the percentage of functional groups available on the

surface of PISA nfinoparticles as previously described.”* Significantly, all nanoparticles have been

U

successfull with Cy5 dyes (Figure S11). Altogether, we have synthesized the first library of

N

fluorescen d, spherical PISA nanoparticles that have tunable sizes and surface chemistries.

d

2.3. Toxicity'of ro-CTAs and PISA nanoparticles

After poly ion, the macro-CTAs were precipitated to remove unreacted monomer and then

I\

extensi

a vacuum oven to remove trace amounts of organic solvent. The nanoparticles

were dialyzed against MiliQ water for 48 h to remove unreacted styrene monomer confirmed via the

r

absence of inyl peaks on the "H NMR spectrum (Figure S2). Before the nano-bio interaction

studies, th of all macro-CTAs and nanoparticles was investigated. We used AlamarBlue

assays for rization of cell viability of HUVECs because the fluorescent emission of

h

Alamar ts (610 nm) does not overlap with that of Cy5 dye (680 nm) attached in the

{

styrenic COEe O A nanoparticles. Cell viability data in Figure 2 suggest that all macro-CTAs and

nanoparticles are Well-tolerated, even at high concentrations up to 1 mg mL™". Only small- and

U

medium-size articles with tertiary amine groups on the surface (S4 and M4) and medium-size

A
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nanoparticles with Me and PEG surface (M2 and M3) exhibited slight toxicity (cell viability reduced
to approximately 80%), which may be related to high level of cellular associations of these
nanoparw data and discussion below). To minimize the potential impact of toxicity on

understand interactions, we used nanoparticle concentrations in the range 10 to 200 pg

mL" fomn!msmbsesment cellular association studies in both static and flow conditions.

L

2.4. Prepa@synthetic microvascular networks in a microfluidic device

One of t jor challenges in the preparation of the synthetic microvascular networks is the
formation Mﬂuent and intact lumen of HUVECs in PDMS microchannels of a microfluidic
device (SynEe Figure 3A). To address this challenge, these microchannels were first coated
with Matrigel® a “glue” for attachment of HUVECs onto the PDMS surface. This step was conducted
under coldms (all reagents and the microfluidic chips were stored in the fridge and kept in an

ice bath du@oaﬁng) to minimize the polymerization of Matrigel® and the formation of clumps.
we fo

That said,
endothelial ¢ th medium (EGM). It is worth noting that prior removal of any Matrigel® clump
is impo subsequent formation of a complete and confluent layer of HUVECs inside the

microchannels. After coating with Matrigel®, HUVECs (2.5 x 10" cells mL™") were slowly injected

d that some clumps still formed, but could be removed by extensive washing with

until they pproximately 90% of the surface of the microchannels (see Figure S10). The chip
was then p @ an incubator (37 °C, 5% CO,) for 1 h to allow cells to attach to the Matrigel®-
coated mic 1 surface. Subsequently, fresh EGM at 37 °C was injected into the microchannel at
a flow min”. After 24 h, a complete and confluent layer of HUVECs was observed by
both bringd confocal microscopy (Figure 3B and 3C). It has been demonstrated that

endothelial cells cdltured under such flow conditions have the similar morphology and function to that

observe%”] To further verify the complete formation of a three dimensional (3D) lumen of

This article is protected by copyright. All rights reserved.
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HUVEC:s on the top, bottom, and side of the microchannels, an Eclipse TiE Microscope with a Nikon
A1R Confocal was utilized to acquire a 3D Z-stack of the synthetic vessels. Figure 3D, 3E, and 3F
show imagﬁoe cell nucleus stained with Hoechst 33342 (a stain that emits blue fluorescence

when bou DNA in the cell nucleus) when focused at the bottom, at the top, and on the sides of

2

microchannelsmmespectively. These images confirm the formation of a complete lumen of HUVECs
under ﬂovhons and suggest that the microfluidic chip is ready for use as a synthetic

microvascuillar netwiork (Video S1).

oC

2.5. Effect Y, ic flow conditions on PISA nanoparticles with different surface chemistries

After the microfluidic chip was successfully coated with HUVECs, nanoparticle suspension in

b

EGM (at 372 introduced into the synthetic microvascular network at a flow rate of 1.0 pL min’

{1

! This flo selected to create a physiological shear rate range (from ~ 30 to ~ 240 s™') found

[19,2

in vivo. 4 h, chilled HBSS was injected to remove non-associated nanoparticles from the

d

microchannels before HUVECs were collected for analysis by flow cytometry. The concentration of

nanoparticle studies was kept constant at approximate 1 x 10'" particles mL™" (measured by

i\

Nanosi re the same number of nanoparticles were interacting with HUVECs in each

experiment., We also performed cellular association studies under static conditions (where PISA

{

nanoparticl incubated with HUVECs in 48-well plates) at the same concentration to ensure

that data of der static and flow conditions were comparable.

Figure 4¥shows the median fluorescence intensity (MFI) of Cy5 dye detected by flow cytometry,

h

which indigates thg level of PISA nanoparticles (medium size ~ 70 nm) associated with HUVECs.

t

The fluore tensity of all nanoparticles was slightly different (Figure S11) and therefore, these

L

MFI valuesmimmliig¥ire 4 were normalized to the same fluorescent intensity per nanoparticle. Data in

Figure 4 trated that the level of nanoparticles associated with HUVECs in flow conditions was

A
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significantly reduced when compared to static conditions. Specifically, for COOH-, PEG-, Me-, and
TA-functionalized particles, the MFI values were decreased 4.27 (P < 0.01), 6.07 (P < 0.0001), 6.37
(P< 0.0M)I (P <0.001) fold, respectively. The decreased association between nanoparticles
and HUVE @ flow conditions may be related to the reduced exposure of these nanoparticles to
cells even thewghmthe same number of particles had been introduced."” In flow conditions, spherical
nanopartic‘h to follow the cell medium streamlines when passing through the synthetic
microvasm@nrks while in static conditions, all nanoparticles have a tendency to settle on the
cell surfac o gravity.*” That said, the trend of association between HUVECs and PISA
nanoparticmfferent surface chemistries (i.e., COOH < PEG < Me < TA) is similar when

comparing betwe; static and flow conditions. This result suggested that studying nano-bio

interaction e PISA nanoparticles under static conditions may be still useful to predict
interaction ut cannot provide quantitative information on the level of cellular association
under flowf€o S.

Furt . er static and flow conditions, nanoparticles that possessed TA-terminated groups
exhibited cellular association compared to COOH-functional nanomaterials. This result is

consistent with previous studies and may be related to the adsorption of different proteins from the
cell medius onto the nanoparticle surface formimg a protein corona.*'** Further work is needed to
comprehensgi vestigate the protein corona of these PISA particles in the presence of cell media,
serum andDIn the present study, we proceeded to further investigate the effect of dynamic

flow condi!ons on the two types of PISA nanoparticles that exhibited the highest and lowest level of

cellular asspciations (M4-TA and M1-COOH, respectively).

2.6. Effects of dySmic flow conditions on PISA nanoparticles with different sizes

This article is protected by copyright. All rights reserved.
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In this study, we first investigated how dynamic flow conditions affected the degree of cellular
association of TA-functionalized nanoparticles with various sizes. Figure 5 shows that under both
static anmmions, an increase in particle size led to an enhanced cellular association between
TA-functioparticles and HUVECs. Similar to the results for varying surface chemistry,
data obtaingemmmstatic condition could be used to predict the trend in cellular association as a function
of particle L:r flow conditions for TA-decorated nanoparticles. That said, the level of cellular

associationfunder flow conditions was significantly lower than was observed under static conditions,

C

which may aids elated to the reduced exposure as discussed above.

S

To obse llular association of TA-functionalized particles with HUVECs, cells were further

stained wi

U

t 33342 and then imaged by a Nikon confocal microscope. Confocal microscopy

images in Kigure 6 showed that large nanoparticles (130 nm) associated with HUVECs to a greater

[

extent than medium and small particles (70 nm and 40 nm), which is consistent with data obtained by

flow cyto ure 5). It has been shown that large nanoparticles exhibit a higher tendency to

&

tumble neral circulation and scavenge along vascular walls than smaller nanomaterials."

#3461 This y may increase the exposure of large nanoparticles with TA-tagged groups to

\%

endothelial cells and as a result, increase cellular association. From Figure 6, it is unclear whether
these nanosrticles are internalized into the cells or merely bound to the cell surface. To further
interrogate collected HUVECsS, stained the cells with Calcein AM and Hoechst 33342 and
acquired ZQages of these cells using a high-resolution confocal microscopy. Images in Figure

7 and Sl;!suggest that TA-functionalized particles may be internalized by HUVECs. That said,

additional Faract’ization (e.g., using a specific hybridization internalization probe) are needed to

fully conﬁjlular uptake of these particles."*”

This article is protected by copyright. All rights reserved.
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Next, the cellular association of carboxylic acid-decorated nanoparticles with three different sizes
was studied. Figure 8 shows that, under static conditions, the larger nanoparticles had a higher degree
of cellularlassomation than did the smaller particles (a similar trend to that observed for TA-

functionali @ pparticles). Interestingly, this trend is reversed under flow conditions. Small

carboxyiic maeidsdecorated nanoparticles exhibited the highest level of cellular association
(approximh)ld higher than medium and large nanoparticles). As such, for carboxylic acid-

decorated fanopartficles, data obtained in the static assay cannot be used to predict the trend in cellular

C

associationsgiu flow conditions. The decreased cellular association of medium and large
nanoparticl e@0rated with carboxylic acid may be related to the effect of a strong drag force
induced by the ﬂ;dic flow.*™ It has been postulated that drag force of the fluidic flow on large
nanoparticlgsmisghigher than that on small particles and therefore, large nanoparticles are detached
from cell s ore than small counterparts.*~°! In the other words, the low drag force of fluidic
flow exertm on 40-nm nanoparticles with carboxylic acid surfaces is not strong enough to

detach these particles from the cell surface whereas the high drag force on medium and large

nanoparticles fficient to detach these particles from HUVECs (Figure S14). For TA-
functio particles, the effect of drag force (even on large nanoparticles) is negligible
compared tQ their strong adhesive force with HUVECs and hence, the flow conditions cannot reverse
the trend c&u associations. Additionally, the cellular uptake of carboxylic acid-, PEG- and
methyl- fued nanoparticles was observed by confocal microscopy (Figure 9, S12, and S15).

Taken toge e results clearly indicate that the effect of flow conditions on cellular associations

is stro ent not only on the particle size but also the particle surface chemistry.3.

Conclusio!

This article is protected by copyright. All rights reserved.
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We have successfully developed a facile PISA method to label the core of nanoparticles with a
commercially available fluorescent dye. This method simply exploits the rapidly polymerizable
maleimiMwycommonly found in commercially available functional dyes. As such, this versatile
method ha§ greatypotential to be widely used for the reproducible preparation of large-scale,
concentmatedmamdnfiuorescently labeled nanoparticles. By using a low ratio of radical initiator/macro-
CTA ratio L%), the PISA nanoparticles remains spherical shape regardless of the end group,
which allo@ynthesis of a library of PISA nanoparticles having various sizes and identical
surface chemis, s well as different surface chemistries and similar size. This library has enabled
comprehenmstigation of the interplay of particle size, surface chemistry and flow conditions on
particle associatiofis with endothelial cells. Under both static and flow conditions, nanoparticles
functionaliCTA groups associated with HUVECs more than particles with PEG, methyl ester

and carbo faces. In contrast, carboxylic acid group decorated nanoparticles bind relatively

weakly to @ and as such, larger-sized particles (130 nm and 70 nm) are strongly affected by

the dra

force leading to removal from cell surfaces. We also found that assays under static conditions

failed to predi avior under flow for particles that bind weakly with HUVECs (i.e., for particles

with C s). Altogether, the synthesis and biological characterization methods developed in

this work enable improved characterization of the nano-bio interactions of nanomaterials under flow
S

more accu ic the human vascular network. Diverse particle parameters (such as size, shape,

surface ¢ rigidity, and targeting ligands) will also be studied to provide optimum
nanopa for potential applications in drug delivery, immunotherapy, and cardiovascular
disease tre!ments.

4. Experimental ition

This article is protected by copyright. All rights reserved.
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Materials: Ethanethiol (97%), carbon disulfide (>99.9%), p-toluenesulfonyl chloride (>99%),
dimethyl sulfoxide (>99.9%, anhydrous), dicyclohexylcarbodiimide (DCC), 4-dimethylaminopyridine
(DMAPMamine (>99%), methanol (99%, anhydrous grade), 3-dimethylamino-1-propanol
(TA, 99% M ylene glycol) methyl ether (PEG, average M,=550), and p-toluenesulfonic acid
monohymratem@98s5%) were purchased from Sigma Aldrich and used as received. Cy5-maleimide
was purchh Lumiprobe and used as received. Poly(ethylene glycol) methyl ether acrylate
(PEGA, a\@=480 g mol™'; Sigma-Aldrich), N-hydroxyethyl acrylamide (HEAA, 97%, Sigma-
Aldrich), ne (>99%, Sigma-Aldrich) were passed through a column of basic aluminia
(activity IMVC inhibitor before use. 4,4’ Azobis(4-cyanopentanoic acid) (ACPA, 98%, Alfa
Aesar) was recrystilized twice in methanol before use. MiliQ water (resistivity > 18.2 MQ cm™) was
produced lClipore MiliQ Academic Water Purification System. All other chemicals and

solvents us f at least analytical grade and used as received.

Synthesimn transfer agents (CTAs): 4-cyano-4-(ethylthiocarbonothioylthio) pentanoic acid

(ECT-C as synthesized as previously described.” Modification of ECT-COOH with
methan -Me) was carried out as previously described.”* Modification of ECT-COOH with TA
(ECT-TA) and PEG (ECT-PEG) was conducted as follow: ECT-COOH (1.00 g, 3.8 mmol), DMAP
(0.112 g, OLI), and dimethylamino-1-propanol (0.450 mL of 0.872 g/mL, 3.8 mmol) or PEG
(3.1 g 5.7 @ ere dissolved in anhydrous dichloromethane (8.0 mL), and added to a 50 mL
round bottom flask equipped with a magnetic stirring bar, which was cooled in an ice bath. DCC (1.18
g, 57 issolved in anhydrous dichloromethane (8.0 mL) and slowly added dropwise over
5 min UJH. The reaction vessel was then brought out of the ice bath and allowed to warm up

to room temperatE;. After stirring continuously for 16 h, the reaction mixture was filtered twice to

remove dicycloifl urea. The filtrate was dried over magnesium sulfate before purification by

This article is protected by copyright. All rights reserved.
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column chromatography on silica gel. To purify ECT-TA, gradient solvent mixtures were used:
petroleum benzine (boiling range 60-80 °C) : ethyl acetate (3 : 2 gradually changed to 1 : 2), and
subsequhperoleum benzine (boiling range 60-80 °C) : ethyl acetate (1 : 1 with 5 v/v %
triethylami m complete removal of residual solvents, a dark orange oil was obtained (0.823 g,
62% yield ymiliompumi fy ECT-PEG, different gradient solvent mixtures were used: petroleum benzene :
ethyl aceta; slowly changed to 1: 2) and subsequently, acetone. After complete removal of

residual so(ents, ’ orange oil was obtained (1.588 g, 51% yield). Characterization of the four CTAs

by Nuclearmc Resonance spectroscopy (NMR) is provided in Figure S1.

Synthesis3€ro—CTAs: P(PEGA-co-HEAA)-COOH, P(PEGA-co-HEAA)-TA, P(HEAA-co-

PEGA)-Me, and P(PEGA-co-HEAA)-PEG were synthesized as follows: ECT/ECT-TA/ECT-

Me/ECT-P 120 mg/160 mg/126 mg/368 mg, 4.58 x 10™* mol), PEGA (7.00 g, 1.46 x 10 mol),

HEAA (2. x 107 mol), ACPA (6 mg, 2.28 x 10”° mol) and DMSO (48 mL, anhydrous) were
§0)

added to a und bottom flask equipped with a stirrer bar. The flask was sealed with a rubber

septum a ed with nitrogen for 1 h at room temperature. After polymerization for 4 h in an oil

bath at the flask was cooled in an ice bath and exposed to air. Aliquots (50 pL) of the crude
reactions were sampled for 'H NMR and SEC analysis to determine PEGA and HEAA conversion,
and polydihindex (PDI). The crude reactions were dialyzed against acetone (1 L) using a

dialysis @ (MWCO = 3.5 kDa) for 3 h, to exchange the DMSO. The polymers were
recovered via precipitation from acetone into a large excess of diethyl ether (300 mL) and dried under
high Vaﬁ h. Characterizations of the four macro-CTAs were provided in the supporting
informai“Sl and Figure S3).

-

This article is protected by copyright. All rights reserved.
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Synthesis of fluorescently labeled nanoparticles: A typical emulsion polymerization of styrene and
Cy5 maleimide was carried out as follows: macro-CTA (86 mg, 5.5 x 10 mol) was added to a 25 mL
glass bon with a stirrer bar. ACPA (1.0 mg, 3.5 x 10" mol) was dissolved in MilliQ water
(20 mL) b @ for 30 min. A portion (4 mL) of that ACPA solution (3.5 x 10 mol L") was
mixed withmthesmaero-CTA in the glass bottle and sealed with a rubber septum. Styrene (1 mL) was
added to ahass bottle and also sealed with a rubber septum. Both glass bottles were sparged
with nitrog@n for 2§ min at room temperature. After that, an aliquot of deoxygenated styrene (400 uL)
was added @t mL glass bottle drop-wise via a gas-tight syringe. The reactants were purged for a
further 5 ore heating in an oil bath preheated to 80 °C (stirring at 300 rpm). While

polymerizing, Cygi'naleimide (1.0 mg, 1.6 x 10 mol) was added to 1 mL of styrene and stirred for

30 min in t t room temperature. The Cy5 maleimide/styrene mixture was then filtered through

[

a0.45 pm er and then sealed with a rubber septum before sparging with nitrogen for 10 min.

An aliquo

(

) of the Cy5 maleimide/styrene mixture was then added to the emulsion

d

polymerization at 4 h via a gas-tight syringe. The polymerization was then allowed to continue for

another 2 h be

ooling the reaction in an ice bath and opening to the air. An aliquot (50 pL) of the

VI

crude ampled for SEC and "H NMR analysis. The reaction mixture was dialyzed against

MilliQ watgr for 48 h using a dialysis membrane (MWCO= 12 kDa) and stored in the fridge (4 °C)

1

and in the dark to prevent photobleaching. The fluorescence signal of each nanoparticle was

characterizgd orescence spectrophotometry (Figure S11).

ho

Char, Zations of CTAs, macro-CTAs, and nanoparticles: "H NMR spectroscopy: All 'TH NMR

L

spectra d in deuterated chloroform (RAFT agents), deuterated DMSO (macro-CTAs) or a

mixture of deuterdped acetone and deuterated chloroform in a 9 : 1 ratio (emulsion polymerizations)

U

on a Bruker Advaace I1I 400 MHz spectrometer. Size exclusion chromatography (SEC): Analyses of

A

This article is protected by copyright. All rights reserved.
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polymer solutions were performed using a Shimadzu modular system comprising a DGU-12A
degasser, an SIL-20AD automatic injector, a 5.0 pm bead-size guard column (50 x 7.8 mm) followed
by threeMolumns (300 x 8 mm, bead size: 10 pm, pore size maximum: 5000 A), a SPD-20A
ultraviolet e absorbance was set at 646 nm to detect Cy5), and an RID-10A differential
refractive-indexmdetector. A CTO-20A oven was used to maintain the columns at 40 °C. The eluent
was N,N-d&etamide (HPLC grade, with 0.03 % w/v LiBr) with a flow rate set at | mL min™
using an @) pump. Calibration was done using commercial narrow molecular weight
distributiongpo ene (PSTY) standards with a molecular weight range of 500 to 2 x 10°® g mol™.
All polymms were passed through a 0.45 pm PTFE filter prior to injection. Transmission
electron microscos (TEM): An aliquot (5 pL) of 0.1 wt% latex solution (diluted with MiliQ water)

was depost Formvar-coated copper grid (GSCulO0F-50, Proscitech) and was left to dry

overnight i ir and at room temperature. TEM imaging was performed using a Tecnai F20

transmissi n microscope at an accelerating voltage of 200 kV at ambient temperature.
ight scattering (DLS): Dynamic light scattering measurements were performed using a
Malvern Zetas ano Series running DLS software and operating a 4 mW He—Ne laser at 633 nm.
The an rformed at an angle of 173°. The sample refractive index (RI) was set at 1.59 for
polystyrene. The dispersant viscosity and RI were set to 0.89 Ns m” and 1.33, respectively. The
number of*noparticles per 1 mL was measured using a NanoSight NS300 (Malvern). The
measurema @ carried out with nanoparticle solutions (0.1 pug/mL) at room temperature with
manual sh gain adjustments. SEC, '"H NMR, TEM, and DLS data for all nanoparticles are
reporte;orting Information (COOH: Table S2, Figure S6, PEG: Table S3, Figure S7, Me:
Table S4, Figure S8, TA: Table S5, Figure S9).
-
This article is protected by copyright. All rights reserved.
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Cell viability assay: Cell viability studies were conducted in the presence of macro-CTAs and
nanoparticles using the AlamarBlue assays. HUVECs (Lonza) were seeded onto 96-well plates at a
cell denwo cells per well in 100 puL of endothelial cell growth medium (EGM, Lonza). The
cells were @ ibated at 37 °C, 5% CO, for 24 h. Subsequently, the medium was removed and
replenisie dawithmbf0 pL of fresh medium along with different concentrations of the polymers. After
48-hour inL the cells were washed twice with chilled HEPES buffered saline solution (HBSS,
Sigma Ald‘ch) be’re being incubated with 10% (v/v) AlamarBlue reagent in EGM for 4 h at 37 °C,
5% COa,. nce was measured at an excitation wavelength of 510 nm and an emission
wavelengtmnm using a ClarioStar microplate reader. The experiments were performed in
triplicate, and relaie cell viability was calculated as the percentage viable compared to control cells

in EGM wi addition of polymers and nanoparticles.

t
Culture mCs in synthetic microvascular networks under cell medium flow: Before seeding
i

HUVECs microvascular network device/chip (SynVivo, SMN1-D001), Matrigel® (Invitro

Technolo s used to coat microchannels inside the chip. First, Matrigel® (1/10 in chilled EGM)

was inj into the device in cold conditions. After that, the chip was placed in a fridge at 4 °C for 1
h and then at 37 °C, 5% CO, in an incubator before a flow of fresh EGM were perfused through the
chip to waLueaoted Matrigel® and gel clumps. Next, HUVECs (2.5 x 107 cells mL™") were

gently inje w the network until reaching 90% confluence (see Figure S10) before clamping the
inlet and outlet ports. The device was then incubated (37 °C, 5% CO,) for around 1 h for cell
attachn&ll medium was changed. After that, a flow of fresh medium was perfused through

the chipH

<

£0.1 pl min™ 20 h using a syringe pump (Harvard Apparatus, Holliston MA).

This article is protected by copyright. All rights reserved.
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Cell association under static conditions: HUVECs were seeded at 40,000 cells per well in 48-well
plates, incubated for 22 h at 37 °C, 5% CO,. 240 uL of nanoparticles in EGM were added to the cells
and incw h. The cells were then washed three times with chilled HBSS and collected after
treating @EDTA (Lonza). After centrifugation at 300 g for 5 minutes, cells were
resuspenglcadmmmdf pl of 1 mM propidium iodide (PL, Life Technologies) solution in HBSS, and

analyzed bhometry using a FACSCanto II (BD Biosciences, San Jose, CA).

Cell association under flow conditions: Nanoparticles in EGM were injected into the chip via a 1-

mL syring ed with Tygon tubing (0.02"ID x 0.06"OD, SynVivo). The flow of nanoparticles

(in EGM) ﬁused from the inlet port through the chip for 4 h at 1.0 pL min™ using a syringe

pump. At the end of the experiments, 1 mL of chilled HBSS was used to wash out non-associated

particles. uantifying cellular association using flow cytometry, HUVECs were treated with

chilled trymA followed by incubating in a fridge at 4 °C for 5 minutes before harvesting. After

that, the H were collected by centrifuging at 300 g for 5 minutes at 4 °C, and resuspended in

300 pL o PI in HBSS. Cellular association of nanoparticles was then analyzed by flow

cytome nto II from BD Biosciences, San Jose, CA). For live cell imaging, a solution of

1 mM Calcein AM (Sigma Aldrich) and 0.3 mM Hoechst 33342 (Sigma Aldrich) in HBSS was

perfused thh chip for 15 minutes at 5 ul min™. After that, the device was incubated for another

10 minutequiring images using a confocal microscope.

Supportin&formation
Supportin%'nformation is available from the Wiley Online Library or from the author.
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~40 nm

~70 nm

~ 130 nm

Figure 1. fM images of the nanoparticles obtained by RAFT aqueous emulsion polymerization of
styrene wit d) P(HEAA-co-PEGA)-COOH, (blue) P(HEAA-co-PEGA)-N(CHj),, (green)
P(HEAA- -Me, and (yellow) P(HEAA-co-PEGA)-PEG, at 80 °C for 6 h. All scale bars

represent
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Figure 2. n of cytotoxicity to HUVECs after 48 h for (A) macro-CTAs, (B) small particles,
(C) intermediate particles, and (D) large particles under static conditions using AlamarBlue assay for

48 h. Data are as mean = SD (n = 3).
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1 synthetic microvascular network, adapted from SynVivo website: (1) Inlet port
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Figure

B

where cell growth media with or without nanoparticles is injected into the system and (2) Outlet port

I

where perfi the system is collected; (B) Bright field and (C) confocal images of a confluent

layer of H flow channels. Cells were stained with Calcein AM (cytoplasm — green channel)

O

and Hoechst (nucleus — blue channel). (D-F) Nucleus of HUVECsS stained with Hoechst 33342
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ottom (D), at the top (E), and on the sides (F) of the vascular pipeline. Scale bars
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Figure 4. association of four different end-group particles with HUVECs under static and
flow condit easured by flow cytometry. Data are presented as with mean + SD (n = 3); ** P <

0.01, *** 0.001, **** P <(0.0001 (pair z-test).
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Figure 5. association of amine-functionalized particles having three different sizes with

HUVECs under sfatic and flow conditions as measured by flow cytometry. Data are presented as

Ul

mean £ SD (n = 3), ** P <0.01, *** P<0.001, **** P <(0.0001, ns P> 0.05 (pair t-test).
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Figure 6. f tertiary amine-functionalized particles with three different sizes associated with

HUVE hetic vascular network. Scale bars = 100 pm.
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Figure 7. Images of tertiary amine-functionalized particles with three different sizes internalized into

I

HUVECs under flow conditions. The cells were harvested from the vascular network, mounted onto

coverslips, yed using a Nikon A1R confocal microscope. Scale bars =5 um.
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Figure 8. Cellulagassociation between carboxylic acid-functionalized particles with three different

U

sizes and Cs under static and flow conditions as measured by flow cytometry. Data are

)

presented ean = SD (n =3); * P <0.05, ** P<0.01, ns P> 0.05 (pair t-test).
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Figure f carboxylic acid-functionalized particles with three different sizes internalized

into HUVECs under flow conditions. The cells were harvested from the vascular network, mounted

onto coversli nd imaged using a Nikon A1R confocal microscope. Scale bars 5 um.
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The taants: A novel facile and versatile polymerization-induced self-assembly technique
has been d W d to produce fluorescent nanoparticles with various sizes and surface chemistries.
An advancBe.b ical characterization method based on a synthetic microvascular network
embed%d“icrofluidic device elucidates the interplay of nanoparticle physicochemical

properties Sd dynamic flow.
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