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Abstract

Organ-targeted intravenous delivery of polymeric nanoparticles remains a translational drug 
delivery challenge as an overwhelming fraction of the administered dose is typically cleared due 
to fouling at the nano-bio interface. As a solution, we have developed choline carboxylate ionic 
liquid (IL)-coated polymeric nanoparticles (NPs) that are able to bypass this mechanism of 
clearance by exhibiting affinity to red blood cells in whole blood, resulting in significant  in vivo 
targeted delivery to the first capillary bed encountered post-intravenous injection in both mice and 
rats. Here, we demonstrate that choline carboxylate ionic liquid (IL)-coated polymeric 
nanoparticles (NPs) exhibit in situ ex vivo affinity to mouse and human red blood cell membranes 
in whole blood, and examine the mechanism of action engaged by IL-NPs at the RBC membrane 
interface. We report the physicochemical impact of varying the anionic alkyl chain structure in 
choline-based carboxylate ILs, which interfaces on the outermost layer of the NP coating, and 
reveal that membrane saturation, temperature dependence, and membrane anion transporters all 
play a role in in situ RBC hitchhiking by IL-NPs.  
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Main Text 

1. Introduction

1.1 The role of anion structure in red blood cell (RBC) hitchhiking engaged by IL-NPs in situ 

While intravenous (IV) nanoparticle administration offers promise of biocompatible and organ-
targeted drug delivery, polymeric nanomedicines are still hindered in clinical translation due to 
challenges in specificity and efficacy, which primarily occur from the abundance of undesired 
interactions with immunological components at the nano-bio interface.1-4 In situ red blood cell 
(RBC) hitchhiking is a recent therapeutic approach to overcome obstacles such as serum protein 
opsonization and hepatic clearance in whole blood circulation.5-7 By physically delivering 
membrane-attached nanocarriers from the bloodstream to organs via capillary shear, drug delivery 
to desired tissues can be dramatically magnified while avoiding off-target organ accumulation and 
bloodstream interactions.8-11 However, understanding the precise mechanism of interaction at the 
NP:RBC interface and complex physicochemical dynamics between NPs and carrier RBCs is still 
an active area of investigation to develop design principles for in situ RBC hitchhiking.12

Ionic liquids (ILs) are composed of bulky asymmetric cations and anions that form liquid salts 
under 100°C, and have emerged as a biomaterial class that can be structurally tuned to overcome 
biological barriers for efficacious and biocompatible drug delivery.13,14 To this end, we have 
shown that bioinspired and bio-derived ILs can self-assemble onto the surface of polymeric 
nanoparticles as either flexibly packed grafts or layer-driven coatings (IL-NPs) to enable highly 
efficient intravenous nanoparticle delivery via in situ RBC hitchhiking.15-18 In particular, IL 
choline trans-2-hexenoate (CA2HA 1:2) coats carboxylic acid-terminated poly (lactic-co-glycolic) 
(PLGA) NPs, via cation-mediated electrostatics to the carboxylic-acid PLGA interface, and anion-
mediated hydrogen bonding to the cation molecules packed into the coating bulk,19 such that the 
outermost interfacing coating layer is comprised of anion molecules, which drive both serum 
protein repulsion as well as affinity to RBC membranes in vivo.20 This functionality extends IL-
NP pharmacokinetic circulation half-life and drives biodistribution to the first capillary bed 
encountered post-IV injection site in both adult mice and rats.20,21

Understanding how ILs modulate NP - blood component interactions in whole blood informs the 
engineering of next-generation structures to drive targeted NP drug delivery in vivo.  As such, to 
build on this work and understand the anion’s structural role in the mechanism of RBC hitchhiking 
by IL-NPs in situ, we previously screened a library of 60+ choline carboxylate ILs by structurally 
engineering the anion around 2HA, revealing 2 new RBC hitchhiking candidates, choline trans-2-
butenoate (CA2BE 1:1), and choline heptanoate (CAHPA 1:1) (Scheme 1).22 
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Scheme 1.  IL-coated PLGA NPs containing a far-red dye can be used to hitchhike red blood 
cells (RBCs) in situ, as a solution to drive better targeted therapeutic outcomes in vivo.  

Here, we use CA2BE 1:1 and CAHPA 1:1 to explore the physicochemical dynamics governing 
CA2HA 1:2-coated PLGA NP attachment to mouse and human RBCs in situ ex vivo, through NP: 
whole blood dosing, reaction temperature/time dependence, and RBC membrane anion transport 
inhibition studies.

2. Nanoformulation & characterization of IL-PLGA NPs for in situ RBC hitchhiking 

To first establish the membrane saturation limit of IL-NP attachment onto RBCs, ILs were 
synthesized via a salt metathesis reaction and bare (uncoated) or IL-NPs were then synthesized via 
nanoprecipitation and solvent evaporation as previously described,15 incorporating the fluorescent 
far-red dye 1,1′-Dioctadecyl-3,3,3′,3′-Tetramethylindocarbocyanine, 4-Chlorobenzenesulfonate 
(DiD) for bio-tracking in whole blood.22  To verify IL-NP assembly, neat CA2HA 1:2, CA2BE 
1:1, and CAHPA 1:1 ILs and their respective IL-coated PLGA NP counterparts were then 
characterized by Nuclear Magnetic Resonance Spectroscopy (1H NMR, full characterization in 
Table S1) and Dynamic Light Scattering (DLS, full characterization in Table S2). As shown in 
Figure 1 below, both cationic and anionic counterparts of the IL assemble onto the carboxylic-
acid terminated PLGA surface (67.1 ± 9.3 nm), reflected in the monodisperse (PDI < 0.2) 
nanoparticle size shift by all three IL-NP candidates (CA2HA: 151.0 ± 19.6 nm ; CA2BE: 128.0 
± 26.9 nm ; CAHPA: 166.6 ± 37.1 nm) upon coating by DLS. However, the outermost layer of the 
coating directing interactions with the biological environment is dominated by the anion (which is 
likely orthogonally oriented in its layer packing18,19) and observed by an anionic surface charge 
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shift by all three IL-NP candidates (CA2HA: -51.6 ± 3.4 mV; CA2BE: -55.4 ± 6.9 mV; CAHPA: 
-53.0 ± 4.8 mV) compared to bare PLGA NP (-30.7 ± 10.3 mV). 
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Figure 1.  1H NMR Spectroscopy confirms assembly of both anionic and cationic components 
onto PLGA NPs. A) Neat IL NMR profiles of CA2HA 1:2, CAHPA 1:1, and CA2BE 1:1 at 400 
MHz in DMSOd6. B) CA2HA 1:2-coated PLGA NP profile in D2O (1 mg), C) CAHPA 1:1-coated 
PLGA NP profile in D2O (1 mg), D) CA2BE 1:1-coated PLGA NP profile in D2O (1 mg).
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3. All IL-NPs reach a limit of RBC membrane saturation in mouse and human whole blood

Bare NPs or IL-NPs in saline buffer were then rotary incubated for 20 minutes at 37°C with mouse 
(at 1 mg/mL NPs) or human gender-pooled whole blood (at 0.5 mg/mL NPs) at ratios ranging from 
~50 NPs: RBC – 980 NPs: RBC (Scheme 2 in the SI), before isolating and washing RBCs to 
remove unbound NPs. Interestingly, % DiD+ colocalized RBC singlets (by fluorescence activated 
cell sorting (FACS)) (broadly supported by % NP dose bound to RBCs (by fluorescence plate 
reader)) suggested that CA2HA 1:2-coated DiD NPs  reached  RBC membrane saturation at 218 
NPs: RBC (218 vs. 890 NPs:RBC, p=0.1, ANOVA and post-hoc Tukey multi-comparisons test), 
while CAHPA 1:1 (654 vs. 890 NPs:RBC, p=0.8) and CA2BE 1:1 (654 vs. 890 NPs:RBC, p=0.6) 
both reached RBC membrane saturation at 654 NPs:RBC in mouse whole blood despite increasing 
NP: whole blood dose (Fig. 2). In human whole blood, CAHPA 1:1 and CA2BE 1:1 both reached 
saturation at 218 NPs: RBC (218 vs. 890 NPs: RBC, p=0.9), while CA2HA 1:2 conserved 
membrane saturation at 218 NPs: RBC (218 vs. 890 NPs: RBC, p= 0.2). This difference suggests 
different membrane components at the RBC interface that may be responsive to docking by 
CA2HA vs. CAHPA and CA2BE, and that affinity to that membrane composition may vary 
between species.               

In contrast, RBC binding engaged by bare NPs was significantly lower than all 3 IL-NP candidates 
at every dosing condition (p< 0.01, ANOVA with post-hoc Tukey) (Figure 2A and Figure 2B). 
While bare PLGA NP binding proportionally increased with dose in whole mouse blood (p < 0.01 
at 980 NPs: RBC vs. all 3 IL candidates), it remained much lower and more subtle in human whole 
blood (under 0.5% by FACS and under 3% by plate reader at 980 NPs: RBC. This observed species 
difference for bare NPs reflects the harsher immunogenic landscape in human whole blood 
(needing to overcome plasma protein adsorption and white blood cell phagocytosis),23,24 while the 
difference observed between coated and uncoated NPs suggests a difference in chemical vs. 
physical binding, whereby IL-NPs have a specific affinity to the membrane that can reach a 
threshold as opposed to noncovalent attachment.25,26       
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Figure 2. All IL-NPs reach a limit of RBC membrane saturation when dosing mouse and 
human whole blood from ~50 NPs: RBC – 980 NPs: RBC ratios. FACS demonstrates % RBC 
singlets colocalized with DiD NPs after dosing A) BALB/c mouse gender-pooled mouse whole 
blood, or B) Human gender-pooled whole blood. Fluorescent plate reader demonstrates % NP 
fraction present on isolated RBCs after dosing C) BALB/c gender-pooled mouse whole blood, or 
D) Human gender-pooled whole blood. All raw data is subtracted by saline buffer-treated controls 
and represented as an average of n=3 biological repetition ± standard deviation. Multi-comparison 
statistics were performed using an ANOVA with post-hoc Tukey, where * = p < 0.05, ** = p < 
0.01, *** = p < 0.001.       
 
                                

4. Anion identity impacts the temperature dependence of IL-NP binding to RBCs in situ

To investigate how anion identity impacts temperature-dependence of IL-NP binding over time 
in whole blood, bare or IL-coated DiD NPs in saline buffer were again rotary incubated with 
mouse or human gender-pooled whole blood (at a 109 NP: RBC ratio). The samples were mixed 
at either 37°C or 4°C (in a cold room), for a total mixing time of between 2- 120 minutes. When 
isolated RBCs were examined again for colocalized NP fluorescence by FACS (Figure 3), both 
species type and anion identity played a strong role in IL-NP binding in response to temperature 
of mixing. 

At 20 minutes of incubation with BALB/c whole mouse blood, binding by bare PLGA NPs 
reduced 5-fold at 4°C compared to 37 °C, while temperature change had no impact in human blood. 
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For BALB/c whole blood treated by bare PLGA NPs, the effect of transitioning the temperature 
of incubation from 37ºC to 4ºC was not statistically significant at earlier timepoints; however, 
longer times of rotary incubation were impacted by temperature (16-20 minutes: p < 0.05, 45-120 
minutes: p< 0.01, Table S3). This outcome is unlikely to be a specific relationship between the 
PLGA NP and the membrane, and rather may result in part due to the lack of kinetic energy at 4ºC  
necessary to drive mechanical interactions (such as noncovalent adsorption and Van der Waal’s 
interactions) as the NPs reversibly engaged with the RBCs despite the overall increasing binding 
trend over time.   

In comparison, the order of IL-NP temperature sensitivity depended on both anion structure and 
species. In mouse blood, RBC binding by HPA was the most sensitive (11x reduction), while 
binding by CA2HA 1:2 reduced 9x, and RBC hitchhiking by CA2BE 1:1 was the least sensitive 
to temperature decrease (4.7-fold reduction) compared to binding at 37 °C. In human whole blood, 
2HA showed a ~36-fold RBC binding reduction, HPA reduced 4.3x, and 2BE demonstrated the 
least temperature sensitivity (1.7x reduction relative to 37 °C). The difference in this order may be 
partially contributed to by the flexibility of the anion’s alkyl tail length,27 where necessary 
phospholipid reorganization or fluidization during insertion at the lipid-cell membrane 
interface18,28,29 is not as efficient at cold temperatures due to factors such as matrix conformational 
distortion and stiffness in RBC deformability,30-33 resulting in the longest chain anions 
demonstrating the highest temperature sensitivity and the shortest anion demonstrating the least 
temperature sensitivity. 
 
When examining the dynamics of mouse and human RBC binding in whole blood over time under 
physiological conditions, all 3 IL-NPs consistently outperformed bare NPs (ANOVA, p<0.001). 
Bare NPs overall demonstrated a similar curve profile at every time point, with its highest 
performing condition under 0.5% after 120 minutes of rotary incubation at 37°C (and 2.5x less 
than all 3 IL-NPs at that condition). Notably, regardless of structure, all 3 anions demonstrate an 
initial mouse RBC binding increase (with a linear-leaning trend) from 2-10 minutes, with a 
decrease from 10-16 minutes, followed by a plateau from 20-120 minutes. For human RBCs, an 
initial binding increase (with a logarithmic-leaning trend) was instead observed from 2-16 minutes 
before the plateau, likely due to species differences in both RBC size and membrane 
composition.34 This may suggest a potential two-phase kinetic binding profile where the IL-NPs 
reversibly dock onto RBCs by way of either a receptor or noncovalent lipid interaction, before 
establishing an irreversible chemical interaction at the membrane interface.35    
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Figure 3. Anion identity impacts the temperature dependence of IL-NP binding over time to 
mouse and human RBCs in whole blood transitioning from A & C) 37°C to B & D) 4°C. FACS 
of DiD-colocalized A) BALB/c RBC singlets after 2-120 minutes of mixing at 37°C; 2-10 min 
linear trend R2 values for HPA: 0.99, 2BE: 0.96, 2HA: 0.94, B) BALB/c RBC singlets after 2-120 
minutes of mixing at 4°C,  C) Human RBC singlets after 2-120 minutes of mixing at 37°C; 2-16 
min log trend R2 values for HPA: 0.83, 2BE: 0.91, 2HA: 0.91, and D) Human RBC singlets after 
2-120 minutes of mixing at 4°C,. All raw data is subtracted by saline buffer-treated controls and 
represented as an average of n=3 biological repetition ± standard deviation. Statistics is represented 
as an ANOVA with post-hoc Tukey conducted on 4 samples at a time, where * = p < 0.05, ** = p 
< 0.01, *** = p < 0.001.       

5. Varying anion structure drives docking affinity to different RBC membrane transporters

To understand specifically which aspect of the RBC membranes is responsible for the docking of 
IL-NPs in whole blood, we rationalized that anion transporters, such as Monocarboxylate 
Transporter 1 (MCT1) and Anion Exchanger 1 (AE1/band 3), may play a role due to their nature 
in transporting and exchanging short and medium chain carboxylate anions as well as weak acids, 
much like the anions 2BE, 2HA, and HPA.36-38 Specifically, we hypothesized there may be a 
correlation between IL-NP membrane saturation, the observed dynamic behavior of IL-NP binding 
over time, and the similar differences in temperature sensitivity and resulting kinetics engaged by 
MCT1 and AE1.39-41  

*
*
*

*
*
*

*
*
*

*
*
*

*
*
* *

*
*

*
*
*

*
*
*

Human

HumanMouse

Mouse
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To examine this, we closely adapted anion transporter inhibition protocols from prior studies21,42 to 
test the binding capacity of bare or IL-NPs on freshly isolated mouse or human RBCs pre-treated 
with specific anion transport inhibitors. We rationalized that if the IL-coated NPs were docking at 
sites of anion transport at the RBC membrane interface, then pre-treatment with inhibitor would 
block this docking phenomena and accumulate more NPs in the first wash, hence decreasing the 
quantity of NPs bound to the RBCs (shown below in Scheme 3).  

Scheme 3. Specific anion transport inhibitors obstruct active sites at the outwards-facing 
interfacing sites of monocarboxylate transporter 1 (MCT1) or anion exchanger 1 (AE1) at 
the RBC membrane with high affinity, blocking the alkyl tail chain present in the outermost 
anion layer of the IL coating (gold) from establishing an initial docking site to allow binding 
to the membrane. Key: I (Inhibitor), NP (Nanoparticle), AE1i  and MCT1i    refer to the inhibited 
versions of the anion transporters. Figure created and adapted from BioRender.       
  

To perform this experiment, mouse or human RBCs were isolated and washed from gender-pooled 
fresh whole blood and subsequently treated (as described in Methods and Materials and 
optimization shown in Figure S1) with MCT1 inhibitor  (10 µM AR-C1558858, which 
specifically inhibits transmembrane helices 7-10),42 AE1 inhibitor (1µM  4,4'-
diisothiocyanatostilbene-2,2'-disulfonate (DIDS), which reduces anion affinity by covalently 
binding to transmembrane 13’s residues K539 and K851),43 GLUT1-4 control inhibitor (100 µM 
Phloretin, PHL)44 or no inhibitor (pre-treated with 0.9% saline, or DMSO control). The GLUT 
transporter was chosen as a control inhibitor for potential damage to the RBC membrane as a result 
of general inhibition, and to distinguish the impact of inhibiting anion vs. non-anion transporters. 
After mouse and human RBCs were incubated with inhibitor and treated with Bare or IL-coated 
DiD NPs, RBCs were washed 3 times to remove unbound NPs, with the hypothesis that the 
weakest bound NPs would emerge into the supernatant in the first wash, and consequently the 
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strongest bound NPs would be present in the third wash. As such, the supernatant was collected 
during each wash, along with the final cell pellet, and DiD fluorescence was measured by 
fluorescent plate reader (Figure 4). We additionally performed a control hemolysis assay under 
the same conditions that demonstrated that IL-NPs alone did not induce RBC membrane damage 
at the same NP:RBC treatment condition in the absence of inhibitor (Figure S2). 

Compared to human RBCs treated with 0.9% saline, all inhibitor agents with the exception of 
GLUT (p= 0.29, post-hoc Tukey HSD) caused bare PLGA NPs to readily accumulate into the 
supernatant of the first wash (p = 1.0 x 10-7 by ANOVA, denoted as ‘5 minutes’ in Figures 4A 
and 4B). For BALB/c mouse RBCs, bare PLGA NPs demonstrated a similar accumulation profile 
in the supernatant of wash 1  (p= 1.1 x 10-5, ANOVA) with sensitivity to all inhibitor agents 
(p=0.001, Tukey HSD) except DIDS Anion Exchanger 1 inhibitor (p= 0.9, Tukey HSD). As such, 
PLGA’s varying sensitivity to different membrane transport inhibitors across BALB/c and human 
RBCs highlights the importance in considering species-dependent membrane composition in NP 
hitchhiking. However, the disruption of RBC binding by PLGA NPs was significantly and 
dominantly affected by DMSO solvent alone in both mice and humans (p = 0.001, post-hoc Tukey 
HSD). As the RBCs were treated with the same volume of inhibitors in DMSO, the effect of the 
inhibitor appears non-specific for PLGA NPs and may be attributed to the solvent used, which is 
reflected by PLGA’s significant and non-specific reduction response in RBC binding (Figure 4C 
& Figure 4D). In this case, DMSO may likely interfere with non-covalent forces and solvation 
interfaces between PLGA NPs and the RBC membrane required during mechanical interaction, 
which would occur much less frequently and less strongly in a competitive whole blood 
environment.                   

In contrast, compared to an uninhibited control (0.9% NaCl) for mouse RBCs, NP binding enabled 
by CA2HA 1:2 was significantly and selectively inhibited with MCT1 inhibitor AR-C155858 
(p=0.003) while GLUT (p=0.3), DMSO (p= 0.9), and AE1 inhibition (p=0.08) had no impact. 
MCT1 inhibition also induced the most DiD NP accumulation in the supernatant for CA2HA 
1:2  post-wash 1 (p=0.001). This selective outcome by MCT1 inhibition was also observed  in 
human RBCs for both supernatant NP detection in wash 1 (p=0.01) and NP binding in the cell 
pellet (p=0.005). In contrast, CAHPA 1:1-mediated NP binding in mouse RBCs was equally 
affected by AE1 (wash 1; p = 0.009, cell pellet; p = 0.005) as well as MCT1 (wash 1; p = 0.004, 
cell pellet; p = 0.0001), which was also reflected for human RBCs as well although AE1 inhibition 
was slightly more efficacious (wash 1; p = 0.003, cell pellet; p = 0.0001) than MCT1 inhibition 
(wash 1; p = 0.02, cell pellet; p = 0.003).
 

Page 12 of 23Nanoscale Advances

N
an
os
ca
le
A
dv
an
ce
s
A
cc
ep
te
d
M
an
us
cr
ip
t

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 1
1 

Ju
ly

 2
02

5.
 D

ow
nl

oa
de

d 
on

 7
/1

1/
20

25
 3

:4
6:

57
 P

M
. 

 T
hi

s a
rti

cl
e 

is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
Li

ce
nc

e.
View Article Online

DOI: 10.1039/D5NA00233H

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D5NA00233H


Figure 4.  Anion structure drives docking affinity to different species-dependent RBC 
membrane transporters.  Data is represented % DiD NP dose (1032 NPs: human or mouse RBC), 
detected by fluorescent plate reader, in the supernatant each wash and final washed cell pellet, in 
response to inhibitor or controls for hitchhiked A & C) Mouse RBCs or B & D) Human RBCs. C 
& D) Cell pellet data for every inhibitor pre-treatment condition is additionally normalized as fold-
change of bare or IL-NP binding compared to uninhibited saline pre-treated RBCs, such that each 
inhibitor or control (DMSO) induced either fold-gain or fold-loss in NP binding capability to the 
RBC membrane. Data is represented as n=3 biological repetition ± standard deviation. Statistics is 
represented as paired two-tailed t-test of means conducted on two samples at a time or ANOVA 
with post-hoc Tukey for three or more samples at a time, where * = p < 0.05, ** = p < 0.01, *** = 
p ≤ 0.001.      

Notably, the structural anion shortening of trans-2-hexenoate (2HA) to trans-2-butenoate (2BE) 
resulted in a strong pivot in selective IL-NP affinity to the AE1 transporter at the cell membrane 
interface for both mouse (wash 1; p= 0.007, cell pellet; p = 0.001) and human (wash 1; p = 8 x 10-

5, cell pellet; p = 0.0003) RBCs, with some additional participation between the 2BE anion and the 
GLUT transporter in human RBCs. While this result is not significant, structural analogs of 2BE 
are able to translocate GLUT on cell membranes, which may suggest additional potential 2BE: 
GLUT interaction on RBCs.45  Furthermore, when considering the performance of all three anions 
in response to AE1 or MCT1 inhibition, the explanation for the correlated shift in anion structure 
and anion transporter affinity may be contributed to by several simultaneous events. 

Mouse

Human

Mouse

Human
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Firstly, the specific inhibition of AR-C155858 into transmembrane helices 7-10 and 2HA’s 
selective response to MCT1 inhibition may suggest alkyl tail docking within that domain to 
transition into its irreversible binding phase from 20-120 minutes.46 However, when the alkyl tail 
chain length is extended and more flexible in HPA, its anion transport affinity becomes more 
promiscuous and may be able to additionally interface with AE1 at transmembrane 13 or 
coordinate into elongated transmembrane 11 and intracellular loop 5.47  Unexpectedly, 2BE 
transport (also known as crotonic acid) is unresponsive to MCT1 inhibition on RBCs, which has 
been well established as a traditional crotonate cell uptake route.48 Instead, 2BE is strongly and 
selectively inhibited by DIDS, suggesting that it may be covalently inserting itself into AE1 
through transmembrane residue K851 via lysine crotonylation in a two-step binding mechanism.49-

51    

6. Conclusions

We thus report here that, depending on the length and structure of their anionic alkyl tail, choline 
carboxylate ILs can self-assemble on PLGA NPs to drive RBC hitchhiking via specific anion 
membrane transporters in situ, particularly MCT1 for CA2HA 1:2, AE1 for CA2BE 1:1, and a 
combination of MCT1 and AE1 for CAHPA 1:1 due to its longer flexible tail and saturated chain. 
Additionally, we demonstrate that despite increasing IL-NP dose in whole blood, the anion 
structure of all three ILs reach a limit of NP saturation at the RBC membrane at 218 NPs: RBC in 
whole blood. Lastly, we demonstrate that the binding dynamics of all three IL-NPs have a similar 
trend of increase and plateau over 120 minutes of rotary incubation, suggesting a two-phase 
binding mechanism of reversible docking and irreversible attachment. However, each anion 
structure had both different and species-dependent sensitivities to reaction temperature, informing 
membrane favorability as a response to alkyl tail length. Overall, our findings highlight the 
importance of understanding how ILs modulate NP - blood component interactions in whole blood 
to engineer next-generation structures to drive targeted NP drug delivery in vivo.

7. Experimental Section/Methods

7.1 Materials: 

For IL synthesis, trans-2-Hexenoic acid anion, 98% (Sigma–Aldrich, Cat # W316903-1KG-K), 
Trans-2-butenoic acid, 98% (113018-500G), and Heptanoic acid anion, 96% (146870-100ML), 
along with Choline Bicarbonate cation (80% in water) (Sigma–Aldrich, #C7519-500ML), were 
obtained from Sigma–Aldrich. 1H NMR Spectroscopy was performed using a 400 MHz Bruker 
Ascend. NMR solvents consisted of either DMSO-D6 (99.96 atom% D) (Sigma–Aldrich, Cat # 
156914-10) or D2O (Sigma-Aldrich, Cat # 151882-500G). A Karl Fischer Metrohm Coulometer 
(Cat # 899) was used to evaluate water content. For nanoprecipitation, 40kDa carboxylic-acid 
terminated Poly (D, L-lactide-co-glycolide) 50:50 (PLGA) was obtained from Nanosoft Polymers 
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(Cat # 11541-40K-50:50-5g) and dissolved in HPLC-grade Acetonitrile (Sigma–Aldrich, Cat # 
34851-4). Hydrophobic far-red dye 1,1′-Dioctadecyl-3,3,3′,3′-Tetramethylindocarbocyanine, 4-
Chlorobenzenesulfonate Salt solid (DiD) (ThermoFisher, Cat # D7757) was used to track NPs in 
whole blood. Sterile filtered cell-culture grade water was obtained from Cytiva (Cat # 
SH30529.02). Filtration was performed with a Thermo Scientific Sorvall Ultracentrifuge (Cat # 
ST8R) and 30 kDa MWCO EMD Millipore Amicon Ultra-4 filters (Cat # UFC803024). Internal 
standard sodium 2,2-dimethyl- 2-silapentane-5-sulfonate-d6 (d, 98%) (DSS) was obtained as a 0 
ppm NMR control from Cambridge Isotope Laboratories and used at 0.2 mg/tube (Cat # DLM-
8206-1). For DLS characterization studies,  a Malvern Zetasizer (Pro Blue) was used for DLS 
measurements along with a zeta potential dip cell (Malvern ZEN1002) and DTS 0012 polystyrene 
cuvette. Commercial whole mouse and human gender-pooled, donor-pooled blood anticoagulated 
with k2EDTA was obtained from Bio-IVT, USA. Rotary incubation of NPs and blood was 
performed using a Roto-Therm from Benchmark Scientific, #H2024. Fluorescent quantitative 
measurements were made using a Greiner Fluorotrac black-bottom 300 µL 96-well plate (Greiner 
Bio-One, Cat #655076) and Cytation 5 imaging fluorescent plate reader (Agilent technologies, 
Model CYT5MF), or a Thermo Fisher Scientific Attune Nxt Flow Cytometer. For inhibition 
experiments, cell-grade DMSO was obtained from Sigma-Aldrich, #D2438-50ML, GLUT 
inhibitor Phloretin was obtained from Sigma-Aldrich, #P7912-100MG. AE1 inhibitor 4,4'-
diisothiocyanatostilbene-2,2'-disulfonate (DIDS) was sourced from Sigma-Aldrich, #D3514-
100MG, and MCT1 inhibitor AR-C155858 was acquired from Selleck Chemicals, #S7919.   

7.2 Ionic Liquid Synthesis and Characterization: 

Choline trans-2-hexenoate (CA2HA 1:2), choline trans-2-butenoate (CA2BE 1:1), and choline 
heptanoate (CAHPA 1:1) were synthesized as previously published.22 Briefly, choline bicarbonate 
was combined with each anion at its specific ionic molar ratio while stirring in an oil bath at 40 °C. 
After stirring overnight, each IL was rotary evaporated for 2 hours at 15 mbar and 60 °C, before 
being vacuum dried for 48 hours at −760 mmHg and 60 °C. The resulting IL product was evaluated 
for yield, water content by Karl Fischer titration, density, and for chemical identity by NMR, 
summarized in Table S1.

7.3 NP Synthesis and Characterization:  

Bare PLGA and IL-PLGA NPs were synthesized and characterized as previously published in 
literature.15,20,21 Briefly, 1 mL of organic phase consisting of fluorescent far-red dye 1,1′-
Dioctadecyl-3,3,3′,3′-Tetramethylindocarbocyanine, 4-Chlorobenzenesulfonate (DiD), PLGA, 
and Acetonitrile (1 mg/mL PLGA, 2%/wt PLGA DiD) was added dropwise in a 20 mL scintillation 
vial of either 3 mL of sterile cell-culture-grade water or D2O water (for NMR) and stirred on a 
magnetic stir plate in the dark at 1200 RPM  at  25 °C for 3 hours.  Neat IL (depending on density, 
10-20 mg/mg PLGA) was then added in the form of a liquid drop to the center of the reaction 
solution while stirring at 800 RPM and stirred for a total of two more hours (at 800 RPM for 1 h 
and at 900 RPM for 1h). Coated IL-NPs were then centrifuge-filtered using a molecular weight 
cutoff of 30 kDa at 4 °C and 2500 RPM for 1 h, while uncoated Bare NPs were more gently filtered 
at 2000 RPM to prevent disruption. The resulting filtered NP concentrates were then resuspended 
to 1 mg/mL with D2O or 0.9% USP injection-grade saline for either characterization or biological 
application and stored up to 2 weeks at 4 °C with light protection although typically used within 
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48h post-synthesis. Filtered and resuspended 1 mg/mL NPs were characterized for size and surface 
charge by Dynamic Light Scattering (Table S2) at a 1:10 (v/v) dilution in cell-grade water, using 
a 40 s calibration optimization time and fluorescent filter. 

7.4 RBC Dosing in Whole Blood and Temperature Kinetics of IL-NP Binding:

 Bare PLGA DiD NPs, CA2HA 1:2 PLGA DiD NPs, CA2BE 1:1 PLGA DiD NPs, and CAHPA 
1:1 PLGA DiD NPs were evaluated alongside 0.9% saline controls for RBC hitchhiking in whole 
BALB/c mouse or Human gender-pooled whole blood (k2EDTA anticoagulated). Briefly, for 
dosing studies, whole mouse or human blood (Bio-IVT, USA) was incubated with DiD NPs at 
1:20, 1:10, 1:5, 1:2.5, and 1:2 (v/v) ratios, which correspond respectively to NP:RBC ratios in 
whole blood of  ~50:1, 109:1, 218:1, 654:1, and 980:1. Mouse RBCs are roughly half the size of 
human RBCs, and are present in double the number in the same volume of whole blood: As such, 
to ensure that volume dosing ratios were equivalent between species (100 NPs: mouse or human 
RBC), the concentration of NPs for mouse blood (1 mg/mL) was adjusted for human blood to 0.5 
mg/mL in 0.9% saline (Scheme 2). 

Scheme 2. Administration Scheme of DiD NPs into Human and Mouse Whole Blood to 
constitute ~100:1 NP:RBC ratio. Figure created in and adapted from BioRender. 

Whole blood treated with NPs or saline was then rotary incubated under standard conditions at 50 
RPM (Benchmark Scientific, #H2024) for 20 minutes at 37 °C. For temperature sensitivity studies, 
whole blood was instead combined with DiD NPs at 109 NPs:RBC  and either at 37 °C or at 4°C 

1 mL of:
1 mg/mL

PLGA DiD NPs

1 mL of:
0.5 mg/mL

PLGA DiD NPs

100 NPs: Mouse RBC
1 mL total Whole

Blood+ NPs

100 NPs: Human RBC
1 mL total Whole

Blood + NPs

100 µL NPs into
900 uL Whole Human Blood

(1:10 v/v)

100 µL NPs into
900 uL Whole Mouse Blood

(1:10 v/v)
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in a cold room, for total mixing time endpoints of 2,4,6,10,16,20,45,60, or 120 minutes. Incubated 
whole blood at each endpoint (2 min-120 min) was then centrifuged at 1000xg, 10 min, at 4 °C  
and RBCs were manually isolated and washed to remove unbound NPs. Briefly, isolated RBCs 
were resuspended to the original whole blood volume with saline and washed at 200xg and 4 °C 
for 5 min, which was then repeated a total of three times. 

Final washed RBC pellets were resuspended to 1 mL, from which 200 µL was again diluted to 
2 mL with saline buffer and measured for %DiD+ colocalized RBC singlets using a Thermo Fisher 
Scientific, Attune Nxt Flow Cytometer or by fluorescent plate reader for % administered NPs that 
bound to RBCs. For flow cytometry studies, all events were first gated by scattering to identify 
singlet RBCs (y-axis: SSC-A, x-axis: FSC-A), which were then gated again to re-validate viable 
RBC singlets(y-axis: FSC-H, x-axis: FSC-A). The final singlet population was then examined for 
far-red colocalization using the RL1 laser (y-axis: SSC-A, x-axis: RL1-A). Background noise from 
saline was to evaluate where to gate DiD colocalization  and subtracted from sample 
measurements. 

For fluorescent plate reader (Cytation 5 imaging fluorescent plate reader (Agilent technologies, 
Model CYT5MF)) measurements (ex. 640, em. 670), dosage experiments were repeated such that 
a lower volume of whole blood was used, and special care was taken to prevent cell yield-loss 
during handling, fraction isolation, transfer, or washes. Washed RBCs were resuspended, diluted, 
and read (at 250 µL/well) on a Greiner Fluorotrac black-bottom 300 µL 96-well plate (Greiner 
Bio-One, Cat #655076) at 37°C. Signals were background subtracted using saline controls, and 
final RBCs signals were scaled by a factor which depended on the necessary dilution. Treatment 
statistics on triplicate samples were either performed via ANOVA for 3 or more samples at a time, 
or via paired two-tailed t-test of means for two samples at a time.       

7.5 Anion Transport-mediated Inhibition of RBC hitchhiking: 

Anion transport inhibition of BALB/c and human RBCs were performed based on a slight 
modification to previously published protocols.21,42  MCT1 and AE1 inhibitors were additionally 
respectively titrated in BALB/c RBCs to determine optimal inhibitor concentrations (Fig. S2). 
First, RBCs were isolated from either commercial BALB/c or human gender-pooled whole blood 
(Bio-IVT, USA) as described above. After washing the isolated RBCs to remove any traces of 
hemolytic events or cellular debris, 1:50 (v/v) BALB/c RBC stocks were made in 0.9% saline, and 
to ensure that human RBCs were receiving equivalent inhibitor and NP doses to mouse RBC 
stocks, 1:25 (v/v) human RBC stocks were made in 0.9% saline. 

Stocks were then treated at  either 100 µM Phloretin (Sigma-Aldrich, #P7912-100MG), 1 µM 4,4'-
diisothiocyanatostilbene-2,2'-disulfonate (DIDS) (Sigma-Aldrich, #D3514-100MG), 10 µM AR-
C155858 (Selleck Chemicals, #S7919)  (all formulated in cell-grade DMSO (Sigma-Aldrich, 
#D2438-50ML), or controls that consisted of either 0.9% saline (untreated) or an equal amount of 
DMSO (0.6% (v/v)). Inhibitor-treated RBCs were then rotary incubated for 5 minutes at 5 RPM 
and  37°C to evenly mix before incubating in a cell-culture grade incubator for 25 more minutes. 
After 30 total minutes of incubation at 37°C, NPs were combined with their respective inhibited 
stocks in triplicate, and rotary incubated for 20 minutes at 37°C and 50 RPM. Washing steps 
proceeded as described above (3 washes at 200xg, 5 minutes, 4°C/wash). 
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Each supernatant fraction was fully collected and was transferred (at 250 µL/well) to a Greiner 
Fluorotrac black-bottom 300 µL 96-well plate, such that every wash and the final pellet (which 
was resuspended to 1 mL with saline) was transferred to the plate in triplicate. In this way, no NP 
sample nor blood sample was discarded, and could be summed (including a 4x scale factor for 
signal from the diluted RBC pellet) to generate a total expected fluorescent ‘yield’ and generate % 
NP dose/fractions. % NP dose/ RBC fraction was reported as fold-change to 0.9% saline (non-
inhibited), and statistics were performed via  paired two-tailed t-test of means for one sample of 
interest vs. 0.9% saline at a time. 

7.6 Hemocytocompatibility of IL PLGA DiD NPs on isolated mouse and human RBCs: 

Evaluation of hemolysis after incubation of isolated RBCs with DiD NPs was performed as 
previously published.15,20 RBCs were isolated from commercial mouse or human gender pooled 
whole blood and washed to create 1:50 (v/v) stocks as described above in Section 7.5. DiD NPs 
(PLGA, CA2HA 1:2, CAHPA 1:1, and CA2BE 1:1) were then combined with isolated mouse or 
human RBCs at NP:RBC ratios  of 1032:1 (corresponding with the treatment condition in Section 
7.5), along with higher concentrations of 2178:1 and 4092:1. NP-treated RBC samples were then 
incubated in a cell-culture incubator at 37ºC for 1 hour, and then spun down in an ultracentrifuge 
at 500xg for 10 min at 4ºC. 100 uL of the supernatant was then plated in a 96-well clear plate 
(Nunc) and absorbance was read at 410 nm on a Cytation 5 plate reader. Sample calculations are 
provided below for estimating NP:RBC dosages. 

In 225 uL BALB/c mouse whole blood (WB):
10.2 * 106 RBC/ µL WB
=> 225 uL * (10.2 * 106 RBC/ µL) = 2295000000 RBCs 
90 µL collected pellet => 2295000000 RBCs
In 500 uL stock (1:50 v/v):
 10 µL pellet taken for 1:50 v/v stock => 255000000 RBCs
  In 180 µL for well ~ 91800000 RBCs
Hemolysis NP:RBC ratio:
20 µL of (1*1013 NPs/ mL) ~ 2 * 1011 NPs 
=> (2 * 1011 NPs) / (91800000 RBCs) 
 ~ [2178: 1]
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Data availability

Data supporting this article have been included as part of the ESI, and raw data will be uploaded to FigShare upon acceptance of 
the article.                
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