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Abstract

Disease manifestation and severity from acute infections are often due to hyper-aggressive

e

host immﬂes which changes within minutes. Current methods for early diagnosis

of infecti detecting low abundance pathogens, which are time-consuming, of low

sensitiv-itysmoes not reflect the severity of the pathophysiology appropriately. The
approach here fgguses on profiling the rapidly changing host inflammatory response, which
in its over- rant state, leads to sepsis and death. A 15-min label-free immune profiling
assay frorWof unprocessed blood using unconventional L and Inverse-L shaped pillars
of deterministicateral displacement (DLD) microfluidic technology was developed. The
hydrodyn:&eractions of deformable immune cells enable simultaneous sorting and

immune profiling in whole blood. Preliminary clinical study of 85 donors in

emergenc@\em with a spectrum of immune response states from healthy to severe
inflam onse shows correlation with biophysical markers of immune cell size,
deformabilit ribution, and cell counts. The speed of patient stratification demonstrated
here has promising impact in deployable point-of-care systems for acute infections triage,
risk man&ement and resource allocation at emergency departments, where clinical
manifestatg fections severity may not be clinically evident as compared to inpatients in

the wards or Ifitensive care units.
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1. Introduction
The immune response is a dynamic system primed to resolve exogeneous or endogenous

triggerswancers, infections, toxins, cardiovascular diseases, diabetes, etc. Despite
advances iagnostics, the main culprit for disease manifestation, severity and death
is the ypemaggmessive host immune response in most instances.!'™ In the example of severe
COVID-I*on, the leading cause of death is sepsis (dysregulated immune response)
while exis@ung rigk stratification methods based on age and co-morbidity remains challenging

and imprdfis@’ B The status of the patients’ immune response can quickly change in a

SC

matter of g , therefore assays which are able to rapidly inform on the state of the
immune re vital in early triage among patients with acute infection, as well as

predictionfof downstream deterioration of disease.[* 7! This enables delivery of appropriate

medical r particularly in the emergency department (ED), for timely intervention
before im ysregulation becomes clinically evident and requiring admission to the
intensive C it (ICU). Unlike patients in the ICU who almost always have clear clinical
manifeState isease severity and organ dysfunction (e.g. low blood pressure, decreased

oxygenatig, jaundice, low urine output), those in the ED frequently show non-specific
symptoms signs, which pose a challenge for physicians to assess the presence of

infection ibility of deterioration into organ dysfunction.

h

Curren ioations for profiling the immune system and its activity include measurement
of leukMe expression, cell-surface biochemical markers and blood serum cytokine
profile.l¥! Receitly, Bakr et al. showed a ‘sample-sparing assay’ where leukocytes can be
extracted fr. all volumes of blood for immediate downstream tests of biochemical
secreti(ﬁlctrical properties !'"); Ellet et al. developed a neutrophil motility
measurement to correlate sepsis in patients within ICU and heightened immune migration

activity.!"”! Toepfner er al. have develop label-free single cell immune morpho-rheological
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analysis to detect human disease conditions related to immune response at 1000 cells/s.!""
Unfortunately, all these methods generally require sample dilution or pre-processing steps, as

well as la s, costly equipment and antibody labelling procedures. In most cases,

Pt

returning ires at least a few hours, which is a significant drawback in terms of

their clinigal utility for rapid triage and limit the implementation as routine practice within the

[

emergencygdep ent or ICU. In addition, standard sample processing steps such as sample

G

dilution, a labelling, and blood lysis centrifugation, could trigger changes in native

immune ¢ tigity which convolutes the immune profiling.!'>”

S

In this stud e develop a rapid label-free immune profiling deterministic lateral

t

displace ) assay as a quantitative diagnostic measure of immune cell biophysical

an

signature usin nL of whole undiluted blood in under 15 mins. The assay is based on a
simple w here whole blood is loaded onto a microfluidic chip and the DLD assay
simult sort immune cells (WBC) from whole blood and profile the biophysical

prope size, deformation, distribution and cell count which correlates to the immune

V]

states. Conventionally, DLD microfluidics has been used extensively as a sorting method for
proteins, &s, DNA, red blood cells (RBCs) , white blood cells (WBCs), cancer cells

and stem >l The deterministic nature of particle interactions within DLD devices

result ‘Kle and high-resolution (~10 nm) sorting.[lg’ 2%l Here, we discover that
uncon and inverse-L (L") DLD pillar structures interact and sort WBCs
differently i

sorting in ay to quantify and profile the immune states of WBCs reflecting severity of

g in unique biophysical signatures. We translated the DLD precision

immu se.
The biophysic LD assay was performed directly on whole blood samples from healthy
donors and patients recruited from the ED. Interestingly, the DLD assay reveals divergent

biophysical signatures of immune cells from patients with infection versus immune cells

This article is protected by copyright. All rights reserved.
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triggered in vitro with known activators such as lipopolysaccharides (LPS) and phorbol 12-
myristate 13-acetate (PMA). These findings suggest in vitro immune cell activation do not
mimic physi ical immune cell response and emphasize the significance of this work on

profiling lIs in its native physiological state — whole blood with minimal

urbation
pertur als.

We furthegted the diagnostic modality by recruiting 8 healthy donors, 36 donors with
non-infecwtoms such as cardiac conditions and 41 donors presenting to the ED with
2 or mor@nents of the systemic inflammatory response syndrome (SIRS) 7). The
DLD assa single drop of blood reveals significant immune biophysical response

signatures, resulted in distinction between infection and non-infection group with a

detection my of 0.91 and specificity of 0.92.
With Eod sample throughput of up to 10,000 cells/s using video captured frame

rates of 15 to 150 fps, we showed that our biophysical diagnostic modality can be easily

achieved \gv—cost and compact machine vision cameras or smart phone optical sensors

making ite for deployable point-of-care systems for rapid patient triage of immune

dysregulatjommimmlED. This could potentially change disease diagnosis, treatment, and risk

manag settings of primary care and hospitals.

This article is protected by copyright. All rights reserved.
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2. Results
2.1 WBC biophysical measurements in DLD device

The DLD®devices used for immune cell profiling assay consist of a polydimethylsiloxane
(PDMS) ith three open reservoirs and a single outlet tubing attached to a syringe
pump (FIE The open reservoirs facilitate easy sample loading, sample resuspension to
prevent settlinggof cells and washing the reservoir to reuse the device. The required loaded
volume pﬁ

10 uL and the reservoir can hold up to 25 pL of blood. As the fluid is

withdrawill th€ s@mple flows through 21 DLD device segments sandwiched between two 1x

phosphateﬂd saline (PBS) buffer streams (see Table S1). Each segment has a specific

DLD critical cut-off size (D) determined by the empirical Equation 1.1%*!

D. = 1.4Gtanf®4® (1)

where G imular spacing between pillars and 6 is the gradient of the pillar array. This
design is ly known as a chirped DLD array where each downstream segment has an
increas 1 ow-shift gradient corresponding to an increasing D, ranging from 6.0 to
16.0 pm ig steps of 0.5 pm (see Methods).”™ Immune cells flowing through the device are
deflected laterally only within DLD segments where cell sizes are larger than D; the cells
therefore evice at defined lateral positions depicted in the output region in Figure la
(See S£mentary Video S1). The output of the sorting forms a spectrum in its size
distributiom. The arent cell size (D,pp) is the size that is exhibited in a DLD microfluidic
PPP pp

device givBesign parameters D, from Eq (1) and the observed outlet distribution.

The DLD a as a minimum measurable D,p, of 6.0 um, and RBCs having an apparent
size of le 3.0 um would not be deflected laterally in the DLD device. As such, the
input and output lateral position of RBCs remains the same, albeit with a larger spread at the

outlet region. This spread is due to diffusive effects and the stochastic nature of RBC

This article is protected by copyright. All rights reserved.
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interaction within the DLD (Figure 1a). The distribution of WBCs across the outlet can be

counted and analysed for its apparent mean size and standard deviation (S.D.).

Two Dmetures were investigated in this study, namely L and L (Figure 1b and

Supplementary Figure S1). Previous studies have shown contrasting sorting effects of these
upplementary *igu ). Previou ve show g g

two pilla e highly deformable and biconcave disc-shaped RBC.*”) Despite the

E

prelimina@nce of size and shape deformability sorting of RBCs, information on DLD
pillar shapgge s on generally spherical and deformable WBC:s is lacking. In this work, we
aim to utimunique WBC sorting signatures of these different DLD pillar structures as
an assay Ele the activation state of WBCs (Figure 1b). By using different flow
VelocitiesﬁLD assay elicits a unique biophysical interaction with deformable WBCs.

tivated.

These biophysical traits and parameters are aggregated and used to classify the WBC state as
activated m

=
G
=
-
<C
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Figure tics of experiment and immune profiling workflow using DLD assays

for L and L™ pillar shapes. (a) shows the whole blood DLD assay by loading the blood into
the samplg reservoirs of the PDMS DLD device which is used to simultaneously sort and
measure thﬁution of cells across the output region allowing size frequency distribution
pplementary Video S1). The device consists of two additional buffer
reservoirs @ andwich the sample stream resulting in a precise injection of sample into
the DLD rc2#8®. The DLD region is composed of 21 DLD segments corresponding to 21 step
measure ution ranging from size 6.0 to 16.0 pm in steps of 0.5 um. The streams in
input zmegions are in pseudo-colour to show the differences between input and
output. Scale baggis 200 um. (b) describes the DLD assay(s) used to profile WBC based on
their unM ghysical signatures in the different DLD pillar structures. These biophysical

analysis (Sg

parameters are Uged to then classify the immune spectrum from healthy to severe immune
response.

2.2 Effﬂ Rates on WBC Size and Deformation

WBCs are deformable particles and their morphology changes with application of external

forces. The D,,, of WBCs decreases as fluid flow rate increases (Figure 2a-b and see

This article is protected by copyright. All rights reserved.
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Supplementary Video S2). For the L-shaped DLD assay, the WBC output spectrum shows a

mean Dy, of 9.7 pm, 9.3 pm, 8.2 um and 7.7 pm for flow rates of 2.5, 5.0, 10.0 and 25.0

t

pL/min, res vely. In the L' DLD device, WBCs have mean Dgpp from 10.1 um, 9.5 pm,

8.6 um t he reduction in mean Dy, at 2.5 pL/min to 25 pL/min is denoted by

= |

ADgpp, h corresponds to L AD,pp = 2.0 um and L' AD,,, = 3.0 um. This measures up to

at least 15%predugction in mean D, as the flow rate increases.

G

The differgac ween two DLD assays using the same sample can be interpreted clearer in

S

the graph iff Figure 2¢c where Dy, 1s plotted against flow velocity. The trend is linear in

the logarithmic g@ale, resulting in a log-linear equation measuring the change of D,p, with

U

respect t ow velocity. We define the modulus of the gradient as DLD cell-

an

deformability modulus (CDM). The CDM parameter quantifies the change in WBC apparent

size over ow velocities from the measurement at 2.5 pL/min. The CDM parameter
for L and
L are as CDMy and CDM_j, respectively. As the L DLD assay showed a smaller L

ADypp, the CDMy is correspondingly smaller at 0.94 as compared to CDMy; at 1.31.

[

DLD profili says using L and L™ pillar shapes lead to different sorting signatures for
deformabl On the contrary, the same DLD assay performed on rigid beads shows no

signiﬁcan!change in Dy at different flow rates for L and L' DLD tests (Supplementary

Discusw igure S2). This strongly demonstrates that unequal cell deformation results

in differermutcomes inL and L' DLD pillar structures.

This article is protected by copyright. All rights reserved.
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y=-0.94In(x) + 10,6
L DM, = 0.94

y=-131lnx) + 11.5
r oM, , =1.31

Figure 2. j deformability measurements of WBCs in L and L™ DLD devices. The
frequency_distribition plot for the measure D,y of WBCs at various flow velocities in
different devices are shown in (a) for L and in (b) for L™'. The L AD,,, and L™ AD,,, were
measured @ 2.0 and 3.0 um, respectively. n > 100 were used for each distribution and the
error bar the sample standard deviation. (¢) introduces the cell DLD-deformability
modulus arameter where the rate of change of size can be measured by plotting the
fitting eqm the size plots for L and L™.

BC flow signatures in DLLD assavs

In the DLD assay, measured Dy, varies depending on the pillar structure. This 1s primarily

due to WBC deformability, resulting in differences in their periodic flow trajectories as they

navigate @ the two consecutive DLD pillar micro-structures. The simulated
hydrodynamiC Streamlines visualize the fluid motion with respect to the cell (Figure 3a and
3b), ¢ ing fluid flow differences. This principle becomes clearer when the

experimtrajectory is tracked within a small DLD pillar unit for L and L™ structure
(Figure 3¢ and 3i, darker false colour). Each pillar structure interacts with the deformable
cell in com ys, and it is evident that the paths taken by cells at slow (Q; = 2.5 uL/min)
and fast 0 pL/min) flow rates differ between L and L' DLD pillars. DLD relies on

repetitive interactions between stationary pillars and moving cells, any small difference in

This article is protected by copyright. All rights reserved.
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cell path over a single pillar accumulates and the sum-total of all pillar interactions translates

to a larger sensible change in D,,, measured at the output of the DLD devices.

In total, f@d 2D flow-coupled cell simulations were performed at flow rates of Q,
and Qz,- il&tt e L and L' DLD periodic geometries (Supplementary Methods 1 and
Supplemewscussion 2). The results of the simulated WBC trajectories are overlaid on
the exper@pillar structure in Figures 3e and 3f. The general trends seen in the
experime well captured in the simulations. As the cells experience larger shear
gradientsme pillar walls, the spherical WBCs are pinched into a “kidney-bean” shape
at higher flow raté Q., as seen in both experiments and simulations (Supplementary Video S3
and S4). gl deformation at increasing fluid flow rates is the leading cause of the

decreasing D,pp.

Detailed anal of simulated WBC velocity for each pillar structure provide a deeper
understandt ell-DLD interactions (Figure 3g - 3j and Supplementary Figure S3, S4 and
S5). T d cell velocities V; and V, (corresponding to Q; and Q, flow rates,

respectively) are plotted for L and L™ (Figure 3g and 3h). For L DLD pillars, the V, profile

largely mﬁat of Vi, demonstrating that deformability-induced trajectory changes, if

any, are r nor. In contrast, L'DLD pillars show that V, and V; (resulting from high
and low iw rates) are quite dissimilar, demonstrating a significant deformability-induced
effect Wcity and trajectory. Specifically, V, drops closer to zero than V| when the

cell colliT L' DLD pillars. In DLD, a particle velocity close to zero indicates a

stagnation point,avhere the particle’s Dy, 1s close to the design D, therefore more likely to
choose{mzhway as smaller cells would.

The flow signature of the WBC flow mechanics imposed by the two pillar shapes is reflected

in the ratio of cell velocity V,/V; (Figure 3i and 3j and Supplementary Figure S6 and S7).

This article is protected by copyright. All rights reserved.
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Since the particle Reynolds number is smaller than 1, Stokes flow dictates that hydrodynamic
forces and velocities are linearly related, and thus our assertion that the velocity ratio for a
rigid beaj se dimensions remain the same with increasing flowrates) should give a
constant t V,/Vi, a value of 10 in the simulation. For the (deformable) WBCs,
H ' , .
however, 215 constant scale-up will no longer hold, as the cell boundaries deform differently
with increQw rates. The L™ velocity ratio shows a much greater reduction relative to

the ideal ri ad (Figure 3j).

From botlmm1tion and experimental data, it is clear that L and L' have significant

‘fingerprint’ dif;ences in inducing WBC deformation in the DLD assays, leading to the

observed ﬂns in sorting behaviour. The L™ shape pillar results in more significant

reductions 1n velocity (and apparent cell size Dyyp) than the L shape. This is the theoretical

basis to ‘[rmapp and L' AD,, as the indicators of cell deformability.

=

Q,=25
pl/min /,/ F
Q=25

\

$@ v Hi/min
=%

and (b) shows thit instantaneous simulated flow streamlines around a deformed WBC and
DLD pillars. Magnified experimental time-lapse overlay of individual WBC trajectories and
dynamics over L and L' structures is seen in (c) and (d), respectively. The colours dark blue
and dark red are pseudo-colours highlighting experimental WBC sequential motion at two
flow rates, Q; = 2.5 uL/min and Q; = 25.0 pL/min. Similarly, simulated motion of the 2D

This article is protected by copyright. All rights reserved.
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WBC overlaid over the experimental DLD pillar images is seen in (e) and (f), with red and
blue outlines depicting simulated flow at 2.5 uL/min and 25.0 pL/min respectively. (g) and
(h) plot thg simulated deformable cell velocity for slow flow (V}, top axis) and fast flow (V»,
bottomMst flow-wise cell centre position (left axis) over single L and L™ inverse
pillars (gr n). (i) and (j) plots the dimensionless velocity ratio V,/V; (bottom axis)
against th&w-wise cell position (left axis) over single L and L™ pillars. This ratio
displayﬁtht ‘fingerprint’ signatures for the in the L and L™ setups. The dashed line
plots the theoretical limit for V,/V; in Stokes flow regime for a rigid non-deformable particle
for the tes&d Q; in both setups. Scale bar in (¢) and (d) shows 20 um.

O

2.4 WBCM)m phiysical Signatures in DLLD Assay

Unlike rigid bea;, the WBC sorting differences for L and L™ DLD assays give rise to unique
biophysicgures, which we hypothesize can be utilized to profile WBC samples. To

investigate the variations of the biophysical signature, the DLD assays were performed at the

same flo ters on 5 healthy donor samples shown in Figures 4a and 4b. L' Dy,
measu tly higher at 9.98 + 0.15 um than L D,p, at 9.37 £ 0.21 um at 2.5 pL/min
with a of 0.004. The CDM measurements for the 5 healthy samples also showed

consistent differences with CDMy | having a larger value of 1.19 £+ 0.13 compared to CDM

of 0.85 + hh a p-value of <0.001. Both tests were performed using a paired 2-tailed #-

test. O

To evalui the biophysical combinatorial immune profiling potential of DLD assay, a single

biophde deformability parameter is determined. For size parameters, the average

Dgpp for L ! assays was quantified at 2.5 pL/min, while a single cell deformability
parameter ot) Was emphasized by taking the product of the CDMy and CDM;,
measu Performing a product amplifies the deformability differences compared to

CDMp and CDM;., measurements individually (See Supplementary Figure S8). By

combining the measurements of two DLD devices, we envision a unique leukocyte

This article is protected by copyright. All rights reserved.
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biophysical fingerprint as a profiling tool to measure different states of WBC from whole

blood in real-time (Figure 1b).

{

2.5 DLD ombinatorial Immune Profiling

Using the tWO parameters of D,p,, and CDMy,, we profiled various conditions of immune
[

cells fro hole blood. Three groups of immune cell conditions were measured, namely

direct sanfple sp@ring measurements, in vitro WBC assays and impact of blood processing

C

methods opgi ne cell biophysical properties (Figure 4c¢).

S

Direct sa surements enable the study of WBC biophysical profiles in different health

idual for healthy donors, patients admitted to the ED without signs of

U

states of

infection €D Control), and patients with clear signs of infection and fulfilling at least two

A

SIRS critem>2 SIRS) (See Supplementary Table S2). The second group highlighted in

blue are te ormed on blood, which have undergone external or in vitro test conditions
to activate Cs. These include 5 ng/mL lipopolysaccharide (LPS)"”, which mimics the
bacteri ould trigger inflammation and phorbol 12-myristate 13-acetate (PMA) at

100 and 1§00 nM, a known activator of WBCs. Lastly, standard blood processing methods
were tested ifically the commonly used RBC lysis protocol to retrieve immune cells and
whole blom

on ice. All tests were initiated within 1 hr of blood draw to accommodate

the transp@rt time of blood from hospital to laboratory and concluded within 15 mins of

h

biophysical profiling.

:

The dotted line 1 Figure 4d denotes the baseline mean measurement of D,p, for 5 healthy

Gl

samples at .1 um. In comparison, for all tested conditions, WBC D, only seems to

A

increase a decrease with varying magnitude for different conditions. For the closest in
vivo model of direct sample injection, ED >2 SIRS showed a larger size of 10.4 £ 0.4 pm

compared to ED control (9.8 £ 0.3 um). In contrast, WBC biochemical activation with

This article is protected by copyright. All rights reserved.
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incubation of PMA at 100 nM and 1000 nM for 2 hours showed a much larger increase of
Dgpp at 12.6 £ 0.8 um and 13.9 = 0.7 um, respectively. This is a drastic 30% to 43% increase
in WBCﬁerestingly, the RBC lysis process also showed an increase in WBC Dy,
which suﬂ

tial activation and biophysical changes in the WBCs. Blood processing

t Ttgt blood 1 ice did not ch the WBC D
protoco ore blood samples on ice did not change the app-

CDMy mi€asuretients on the other hand describe a different parameter of the WBC. A larger

c

CDMy,: redatigengto the healthy donor measurements in Figure 4e indicates an increase in
deformabm16 a reduced CDMy,t shows a decrease in deformability. These CDM
differences are ;nchmarked against the control measurements of healthy samples with a
CDMgot OE surprising result emerged from the deformability parameter measurement
as all in vitro assays and sample pre-processing steps resulted in reduced deformation of
WBC mem his means that the size compression of WBC is reduced compared to the
health ime. On the contrary, direct sample injection tests showed that the WBC
defo gi®y increased instead when infection is present in the patient. The greatest change

in deformability was demonstrated in samples of blood on ice where the CDMy,, is greatly

reduced thn 0.10 while its size measurements did not change. The cold temperatures

experienclls could potentially affect mechanical properties of cells due to stiffening

of cytorworks[“'”] and lipid bilayer?®*.

This article is protected by copyright. All rights reserved.
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Figure 4ssay for WBC biophysical measurements of size and deformability
from whole®I®0d. n = 5 healthy donor samples were used to measure the size parameters in
. -1
(a) and d n parameters (b). Dy, were measured at 2.5 uL/min for L and L™ and a
. . . . -1
paired t= ** denoting p = 0.004. Average Dy, is the mean of both L and L™ where n

=5 and e¥r barPienotes standard deviation of sample. The CDM deformation parameter for
L and L™ Were plotted in (b) with *** denoting a p < 0.001 for a paired t-test of n = 5 sample.
CDMgot imuct of both CDM and CDM__,. (¢) shows three groups of measurements

performe biophysical profiling of WBCs from direct sample injection (red), in vitro
WBC assays ) and common blood processing/storage methods (green). Direct sample
injecti de a healthy donor control sample, emergency department (ED) admission
control (1.c™pagients with no clear signs of infection) and ED admission with infection and

two or more SIRS criteria. The mean size measurement, D, across all samples are depicted
in (d) while the deformability parameter CDMgq is shown in (e). The horizontal dotted line
denotes the mean value of healthy donor in (c) and (d) with standard deviation shown in the
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gray region. n = 5 samples were used for all plots with standard deviation represented by the
error bar.

WBCs Mts who have infections show an increase in deformation relative to WBCs

of healthhe divergence of CDMy, measurements was unexpected. This suggest

that ingvigaaassays mimicking WBC activation could not replicate the physiological
conditionhc biophysical parameters despite incubation in whole blood at 37°C, as

post-blood draw AWBC activation assays illicit a different biophysical response relative to

¢

innate blo infected patients. This evidently shows that activation of WBC is multi-

S

dimensional and complex physiologically. Simple and single triggers of activation are highly

unlikely

U

e for the observed WBC biophysical characteristics. The data also

emphasizg{the conflicting results of earlier studies showing WBCs of ICU sepsis patients

N

being less ble while works of Di Carlo et al. showed increase in WBC deformability

a

during infegt 31 Ellett e al. also attempted to mimic sepsis via biochemical trigger

[13

cocktai ere unable to do so ["*). This highlights the importance of our current work in

develo

¥

0 probe innate immune states with minimal sample handling and ex vivo

delay time.

[

2.6 Bioph mune Markers of Severe Inflammation

Patient rd€ruitment from the ED of the National University Hospital, Singapore, was

I

conduc ics approval from the local institutional review board (National Healthcare

{

Group Si Domain Specific Review Board, DSRB reference number: 2018/00115).

U

Written informedgconsent was obtained from enrolled participants. Based on the results from

Figure xpanded the direct sample injection tests and recruited 85 donors comprising

A

two broad categories of donors without infection or with infection. The “no infection”

group includes 8 healthy donors (Healthy) and 36 ED admission controls (Controls) while the

This article is protected by copyright. All rights reserved.
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“infection” group comprised 41 ED admissions with infection plus >2 SIRS criteria (see

Supplementary Tible S3). Additionally, instead of just size and deformability parameters, we

evaluated unt and the WBC distribution with a range of 38 identified biophysical
markers p features) listed from the DLD assay resulting in a clearly distinct PCA
H I
plot (See Spplementary Figure S9 and Supplementary Table S4 and Table S5).
S N
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Figure ing label-free biophysical immune markers and signatures of various

cell Coun Count 4, respectively from a list of 38 biophysical markers (See
Suppleme able S4). The plots compare the mean and sample standard deviation for
healthy (n_z amples, Control (n = 36) samples and >2 SIRS (n = 41) samples. An
indepe o tailed #-test is used to compute the p-values of the sample measurements
with n.s. den not significant, * for p < 0.05, ** for p < 0.01, *** for p < 0.001 and ****
for p < 0.0001. (i) shows the hierarchical clustering and heatmap of normalized biophysical
marker value of all 85 samples comprising healthy (green), no infection control (blue),

infection tests >2 SIRS (pink) and severe immune response with >2 SIRS (red). 8 clusters
were identified based on the data and the heatmap shows the corresponding biomarker

immune ﬁ -(d) show plots for Size 1 to Size 4 features, while (e)—(h) show plots for
t 1
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signatures. The biomarkers are grouped based on size, deformability, distribution and cell
count.

By ploWrrelation heat map for all the biomarkers, we can distinguish between the
various clusters of the biomarkers. We performed the 2-tailed #-test shown in
Figure Sagh and Supplementary Table S4. Interestingly, we found that the L DLD assay in
Figure 5c¢ h:ould significantly detect differences between all three inter-sample groups
(sub-classfiof heglthy, control and >2 SIRS. Cell count data only showed distinct differences
between wd >2 SIRS group. This is not unexpected as cell count is a parameter to
assess SIRS criteria. However, it is highly intriguing that cell size (specifically L pillar in
Size 3 ana were able to differentiate healthy from ED control group. This suggests
that despife no clear signs of infection, the immune size is modulated based on medical
conditions patients were admitted for. The mean cell size difference between the
three grou from 9 to 10 um which validates the resolution of DLD assay to probe
cells iy, this narrow D,,, band. The corresponding statistical analysis for the
defo distribution markers also showed significant distinction between no-
infection and infection group (see Supplementary Table S4). The correlation heatmap shows

that these h are independently significant as they are not strongly correlated and can be

used for i rofiling (see Supplementary Figure S10).

We tabul!e the 38 biophysical markers of all tested samples and performed hierarchical

clusteri n the DLD assay biophysical markers (Figure 5i). The unsupervised

!

clustering@ the data into 8 clusters with visible biophysical signatures and profiles.
Patients with >2¢SIRS were generally clustered in group 1 — 4 while non-infection control
and he{é were grouped in cluster 5 — 8. Visible distinction between these groups
can be seen in the heatmap. Size and deformability-based biomarkers were elevated for >2

SIRS group while cell distribution biomarkers levels were cluster specific. Cell count
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biomarker were only highly expressed in certain samples and is not directly correlated with

size-based markers for group 3 and 4. This suggest that biophysical markers such as immune

cell size a formability is potentially more sensitive to profile the immune activation
states tha anges in cell count.

 EE—
Interestin“atients from >2 SIRS group were later diagnosed to have sepsis with a

SOFA sc@ identified by red labels for >2 SIRS 03, 16, 22 and 35 in Figure 51 and
were groupgd amygcluster 2. These group showed moderate increase in size and cell count but
relatively mcrease in cell deformability and distribution markers. Cluster group 2 also

correlated a 10;;r hospitalization stay and this biophysical signature could be useful to

prognose g of disease progression and risk of hospitalisation (See Supplementary

Figure S11).

>2 SIRS mand 13 immune signatures were clustered in group 5 — 8 which was
predominan Ithy and non-infection controls. This clustering independently shows that
these ugh exhibiting >2 SIRS, had a lower immune response signature profile
which resﬂ a short hospitalisation stay of only 1-2 days. On the contrary, Control

sample 19 i ter 1 had a relatively longer hospitalisation stay of 10 days.

Finally, the predictive value of 38 biophysical markers to classify non-infection versus
infecti&S patient samples was analysed using the receiver operating characteristic
(ROC) Mgure S12 and S13. The area under curve (AUC), specificity and sensitivity

of the assay was 597, 0.91 and 0.92 respectively. This result was performed based on support

vector machi odel for classification (Figure S13)
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3. Discussion

The DLD devices function as sensitive and quantitative assay of immune cell biophysical

{

signatures ation to the WBCs’ real-time activation levels. The swift response of the

immune s ed by biochemical triggers are also expressed in biophysical properties

(13, 36

]
of the leulgocytes for effective extravasation and other functions. I Studies have shown

correlationgiof Mgamune cell biophysical changes with cytoskeletal remodelling, protein

G

[3739] A g

production ell proliferation. WBCs are activated by various internal or external

triggers, t and direction of these changes were sensitively measured using the DLD

S

assay explored 1M this manuscript. This work highlights new insights, which advances both

U

engineerin cision microfluidics and clinical research.

[

First, various DLD structures were shown to illicit different sorting signatures on deformable

cells. The'§gl of L and L' was not arbitrary as it is based on previous observations on

&

RBC s erformance.” What it entails here is also the possibility that more suitable

DLD apes can exist for the function of biophysical DLD assays. To uncover

Ve

potentially useful DLD shapes requires deeper and fundamental understanding of particle-

I

pillar-flui tions, especially for deformable particles. Our empirical evidence and

simulation§ that using these different signatures, we can define a collective cell Dy

and defo response that quantitatively predicts a cell state.

N

Second biophysical DLD assay showed divergent deformability response for in

t

vitro assa irect whole blood assay. In vitro assays here, which aim to study WBC

U

immune responsgg were not able to replicate the biophysical deformability properties of WBC

from who show clear signs of infection. This could be due to blood treatment

A

methods using ethylenediaminetetraacetic acid (EDTA), stimulants concentration and
incubation time.’” *” Recent advances in microfluidic devices based on high-throughput

single cell deformability imaging cytometry mechano-phenotyping also showed that natively
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activated immune cells increases its deformability and size and also showed oscillating

immune activity during immune activation and sepsis.'* *** Similarly, our work based on

{

whole bloo id immune profiling supports this crucial finding and raises new research

questions jally challenging current methods of using in vitro studies to elucidate

]
physiologggal immune responses.

Finally, th€ clinidal study shows that patient classification using DLD biophysical assay was

¢

possible distinct label-free biomarker profiles of healthy donors and patients

S

admitted t emergency department with and without infection. Our approach differs
substantially frogll previous ICU-based studies where patients who have clear manifestations

of sympt signs of severe disease and immune dysregulation.**! Importantly, these

n

patients were recruited at admission to the ED with diverse pre-existing conditions such as

diabetes nigll nd hypertension but did not progress to full-blown sepsis, characterized by

a

presen rgan dysfunction. Yet, immune biophysical markers show independent and good
indicatj its diagnostic or prognostic potential, especially the possibility for identifying
patients with non-infection-related medical conditions. While a larger clinical study is needed
to further h potential biophysical immune response phenotypes and the its utility in the

field, our Alds scientific evidence to existing works on biophysical parameters as an

importeror immune profiling."*”!

4. Conglision)

This papems the unique biophysical signatures when immune cells are sorted from

whole bl in unconventional DLD pillars of L and L™ shape. These signatures result in
the formulati 38 biophysical markers which enable the profiling of immune responses of
patients recruited from emergency department with a detection sensitivity of 0.91 and

specificity of 0.92. Given that the DLD assay takes 15 minutes to perform, uses less than 20
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puL of whole blood and only requires video capture frame rates of up to 150 fps, the system
can potentially be developed into a portable unit for point-of-care whole blood sparing assays
which couHﬁcantly improve the diagnosis and stratification of patients with systemic
inﬂamma&se syndrome within the ED and other primary care settings. The
availabﬁit!mh an adjunct with both real-time information and rapid turnaround time is
crucial as cormg patients to the ED from the community are highly undifferentiated. Being
able to qumntify at-risk patients and render measures to prevent organ dysfunction will
be the ke io@able information provided by this tool. This contrasts with patients in the

ICU who already have clinical evidence of organ dysfunction through standard laboratory

investigatio physiological parameters.

NUS

Author Ma
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5. Experimental Section/Methods

5.1 Device Design

DLD is a Sensitive size-based sorting technique, using a regularly spaced pillar array where

the separa determined by the established empirical formula:
N

D, = 1.4Gtan©%*® (1)

cr

Where G ular spacing between pillars and 0 is the offsetting angle of the pillars. We
designed w chips with 21 DLD segments to compare L and L-1 shape DLD pillars.
The G us easures 23 um and with D, of device ranging from 6.0 to 16.0 pm, each

DLD seg reases the D, by a step of 0.5 um. The period of the array is 50 pm.

5.2 Devic:tion

The devicmbricated using standard photolithography methods. A chromed quartz mask
with tS’ pecified was ordered from JD Photo Data (Hitchin, UK). A mask aligner
was used t ricate an SU-8 mold using SU-8 2015 and spun to a thickness of
approximately 20 um. Poly-dimethylsiloxane (PDMS) (Dow Corning, Midland, Michigan)
was addei’n a ratio of 1:10 and poured onto the SU-8 master mold. The PDMS was cured

into an ov@"c for 1 hour to crosslink the PDMS. Finally, the PDMS was peeled out of

the master and cut into the dimensions of the DLD chip.

Three & were punched as inlet reservoirs to hold the blood sample and 1x PBS

buffer. A punch was used in the outlet to connect the device to the tubing and
syringe. Fa he device was bonded onto a glass slide using oxygen plasma surface
activati onding. The chip was ready to be used the next day.

5.3 Reagents

The beads used were size calibration standards kit 6.2, 7.2, 8.3 and 10.2 um beads from

Bangslab (Bangs Laboratories, Fishers, Indiana). They were resuspended (2 million mL™) to
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be used in the characterisation tests. Lipopolysaccharides from Escherichia coli O111:B4
(L2630) and Phorbol 12-myristate 13-acetate (P8139) were purchased from Merck-Sigma (St

Louis, Miss:" : The LPS concentration (5ng/mL) was determined based on previous works

by Segre phosphate buffer solutions were used for all dilutions of beads and as

H
sample btser.

5.4 Donoxiselection criteria

C

Patient remw‘lt from the ED of the National University Hospital, Singapore, was
conducted ics approval from the local institutional review board (National Healthcare

Group Singaporgy Domain Specific Review Board, DSRB reference number: 2018/00115).

Written incconsent was obtained from enrolled participants.

The ED min our study comprised of patients who attended the ED for symptoms
)

U

unrelated mmatory or infectious conditions such as corneal foreign body, poorly
controlle nsion while the healthy volunteers included fellow colleagues working in
the ED groups of donors constitute the “no infection” group (Infection Class = 0).

For the “ffection” group (Infection Class = 1), we enrolled patients who had a clear and

objective @of systemic infection based on preliminary investigations such as chest

[

radiography, utine or blood investigations and fulfils at least 2 SIRS criteria (fever >38 or

h

<36 de ius; respiratory rate >20/min; heart rate >90/min; white blood cell count >

12,000 2 #000/mm?, or > 10% bands).

Jji

Vulnerable population (such as pregnant or incarcerated individuals), patients less than 21

\

years old, those who refused or were unable to provide written informed consent and patients

f

with "do-not-resuscitate" orders were excluded. Additionally, patients with medical
conditions or medications that may result in macrocytosis were also excluded as this could

potentially interfere with evaluation of WBC size and deformability. These include

This article is protected by copyright. All rights reserved.
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conditions such as vitamin B12 deficiency, primary bone marrow disorder, previous
gastrectomy, pernicious anemia, alcoholism, COPD, familial macrocytosis, hypothyroidism,
cancer and medications like chemotherapy agents, zidovudine, trimethoprim, phenytoin and

oral contraceptive pills.

H I
5.5 Bloodmon and testing

All blood<ollec>d were from venous blood draw with consent from patients at the ED of
National Univessity Hospital, Singapore. Post-recruitment, the blood (3 mL) was drawn into
a3mLE e and stored in a cooler box to maintain the temperature. The transport of

blood from drawMo laboratory experiments was within 1 hour. Blood samples (100 pL) was

aliquoted Each test.

5.6 Activagi eukocytes

All WBC &p ents, if not tested immediately, were placed on 37°C water bath to ensure
physiolog nditions. There were no dilutions of blood. LPS activation test (5 ng/mL)

was in 30 mins. As each test run was 15 mins, more vials were prepared in time

spacing of 3 mins each for testing of each flow rate. This was to ensure the tests were

predilutios were made on 1x PBS.

5.7 DafHon and analysis

A Phantora\/ision Research, Wayne, New Jersey) was used to capture all visual data
from 1 tput and single cell motion within all DLD devices. The video files were
exported into mpressed “.avi” format for downstream analyses and counting. For each
experiment, we captured a total of 2500 frames for analysis. The frame rates used for capture

were 15, 30, 60 and 150 fps for 2.5, 5.0, 10.0 and 25.0 pL/min flow rates, respectively. The

This article is protected by copyright. All rights reserved.
26



10

15

20

analysis of cell counting to plot the histogram was performed by a custom python code,
which plots the counted cells against the sub-channel location. From the normalized

frequency ﬂn histogram, the mean, S.D., skew, Kurtosis, frequency, and distribution

data were

5.8 Machffie Classification

Hierarchi

C

ring and PCA analysis were all performed using python 3.6 with module
“scikit—lemdevelop the ROC curve, we used our custom algorithm shown in Figure

S13 coup: support vector machine (SVM) classification using radial basis function

kernel. T ithm used to calculate diagnostic probability values of each sample are

shown in Rigure S13. Each sample is selected as a “blind” sample and the remaining (n=84)

samples ammly split 9:1 part for boot strapping method of 1000 cycles to validate the

prediction “blind” sample based on SVM classification. The boot strapping method
results in a ility value of predicting the class of “blind” sample. The probability would
then b he ROC curve and comparing with its known class for sensitivity and

specificitypcalculation.
5.9 Flow ¢ w cell simulations

Deformab ell simulations were carried out with the help of a bespoke lattice-

gle

Boltzmann-1mmeised-boundary code. The algorithm is well established for particulate flows
in the low, s number regime. The 2D cell is modelled as a ring of marker points that

deform ac g to well defined physical energy potentials. Detailed discussion of methods

and r%{ be viewed in Supplementary Methods 1, Supplementary Table S6,
Supplementary Discussion 2.
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A 15-minute label-free immune profiling assay using deterministic lateral displacement
(DLD) microfluidics to measure the immune biophysical signatures of cell size and
deformability from a drop of whole blood. The assay detects severe immune response of

5 admission patients in the emergency department and the speed of patient stratification has
promising impact in deployable point-of-care systems for clinical triage.
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