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Fig. 1. Three-dimensional twisting flow in a channel with obliquely oriented ridges on one wall. (A)
Schematic diagram of channel with ridges. The coordinate systems (x, y, z) and (x', y', z) define the
principal axes of the channel and of the ridges. The angle 6 defines the orientation of the ridges
with respect to the channel. The amplitude of the ridges, ah, is small compared to the average
height of the channel, h (o < 0.3). The width of the channel is w and principal wavevector of the
ridges is g. The red and green lines represent trajectories in the flow. The streamlines of the flow
in the cross section are shown below the channel. The angular displacement, Ad, is evaluated on
an outer streamline. (B) Optical micrograph showing a top view of a red stream and a green stream
flowing on either side of a clear stream in a channel such as in (A) with h = 70 pm, w = 200 pm,
a = 02,q = 2w/200 pm ', and 6 = 45°. (C) Fluorescent confocal micrographs of vertical cross
sections of a microchannel such as in (A). The frames show the rotation and distortion of a stream
of fluorescent solution that was injected along one side of the channel such as the stream of green
solution in (B). The measured values of Ad are indicated (29).

P L Pl Y
B () A

uc dcu

+ \z‘ﬁq \\ \\ X
B \\0 cycles: N /2 cycle: ™1 cycle:
i 2}
i 100 im

Fig. 2. Staggered herringbone mixer (SHM). (A) Schematic diagram of one-and-a-half cycles of the SH
A mixing cycle is composed of two sequential regions of ridges; the direction of asymmetry of 1
herringbones switches with respect to the centerline of the channel from one region to the next. T
streamnlines of the flow in the cross section are shown schematically above the channel. The angle, Ad
is the average angular displacement of a volume of fluid along an outer streamline over one half cy
in the flow generated by the wide arms of the herringbones. The fraction of the width of the chani
occupied by the wide arms of the herringbones is p. The horizontal pesitions of the centers of rotati
the upwellings, and the downwellings of the cellular flows are indicated by ¢, u, and d, respectively.
Confocal micrographs of vertical cross sections of a channel as in (A). Two streams of fluoresce
solution were injected on either side of a stream of clear solution (29). The frames show the distributi
of fluorescence upstream of the features, after one half cycle, and after one full cycle. The fingerl
structures at the end of the fluorescent filaments on the bottom left of the second two frames are ¢
to the weak separation of streamlines that occurs in the rectangular grooves even at low Re. In t
experiment, h = 77 pm, w = 200 pm, o = 023, g = 2n/100 pm ", p = 2/3, and & = 45°, and the
were 10 ridges per half cycle. Re < 1072 Ad,, ~ 180°.

Abraham D. Stroock et al, Chaotic Mixer for Microchannels, Science 295, 647 (2002); DOI: 10.1126/science.1066238
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Staggered Herringbone Ethanol Removal PEGylated

Syringe Pumps Micromixer by Dialysis Liposomes
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Fig. 2. The effect of TFR and FRR on DOPCS size and dispersity. Z-Average diameter and dispersity of 10 mM of DOPC5 prepared in (a) NS and (b) PBS, with TFR of 1
and 2 mL/min and FRR of 1, 2, 3 and 5. Solid bars and open circles (Q) indicate the liposomes Z-Average diameter and dispersity, respectively. The data represents
the mean = SD of at least three independent experiments. All differences between means, with p = 0.05 are indicated (t-test), comparing TFR with the same FRR. *,

p o< 0.05 **, p = 0.01; ***, p = 0.00]1 comparing Z-Average diameter.
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Fig. 4. The effect of FRR on DSPCS size and dispersity. Z-Average diameter and
dispersity of 10 mM of DSPCS prepared in NS or PBS, with TFR of 2 mL/min and
FRR of 2, 2.5, 3 and 4. Solid bars and open circles () indicate the liposomes Z-
Average diameter and dispersity, respectively. The data represents the
mean + SD of at least three independent experiments.
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Figure 1 ic of lipid particle (LNP) small interfering RNA (siRNA) for ion strategy employing the staggered
herringbone micromixer (SHM). (a) Lipid in ethanol and siRNA in aqueous solution is pumped into the two inlets of the microfluidic
mixing device using a syringe pump. Herringbone structures induce chaotic advection of the laminar streams causing rapid mixing of the
ethanol and aqueous phases and correspondingly rapid increases in the polarity experienced by the lipid solution. At a critical polarity
precipitates form as LNP. (b) Parallelization of microfluidic mixers to enable formulation scale-up while maintaining identical production
conditions. This is achieved through vertical (i = 1, 2,..) and horizontal (j = 1, 2,...) replication of the mixers with fluid handling through
on-chip plumbing. Dimensions of the mixing channel were 200 ym x 79 pm, and the herringbone structures were 31-uym high and
50-pm thick.

Figure 5 Cryo-transmission electron microscopy (cryo-TEM) micrographs of lipid nanoparticle (LNP) small interfering RNA
(siRNA) systems containing 1 and 5 mol% PEG-c-DMA. (a) Cryo-TEM micrograph of LNP siRNA composed of DLinKC2-DMA/DSPC/
cholesterol/PEG-c-DMA (mol ratios 40:11.5:47.5:1) and siRNA at an siRNA to total lipid ratio 0.06 (wt/wt). (b) Cryo-TEM micrograph of
LNP siRNA composed of DLinKC2-DMA/DSPC/cholesterol/PEG-c-DMA (mol ratios 40:11.5:43.5:5) and siRNA at an siRNA-to-total lipid
ratio 0.06 (wt/wt). LNP were imaged at 50K magnification. LNP formulation was performed under rapid mixing conditions (4 ml/min total
flow rate with an siRNA-buffer:lipid—ethanol volumetric flow rate ratio of 3:1) with the staggered herringbone micromixer (SHM), with an
ethanol phase containing 30 mmol/l lipid. The LNP siRNA dispersion was concentrated before imaging. The scale bar represents 100 nm.
DSPC, 1,2-distearoyl-sn-glycero-3-phosphocholine.

Nathan M Belliveau, Carl L Hansen, Pieter R Cullis, et al, Microfluidic Synthesis of Highly Potent Limit-size Lipid Nanoparticles
for In Vivo Delivery of siRNA, Molecular Therapy — Nucleic Acids, Volume 1, 2012, e37. DOI: 10.1038/mtna.2012.28

http://www.techusci.com
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Figure 1 Schematic of LNP-siRNA for g the staggered herri (a) The lipid mixture in
ethanol and siRNA in aqueous solution are pumped separately into the two inlets of the microfluidic mixing device using a syringe pump with a
total flow rate of 2 mi/minute. Herringbone structures induce chaotic advection of the laminar streams causing rapid mixing of the ethanol and
aqueous phases and correspondingly rapid increases in the polarity experienced by the lipid solution. At a critical polarity the precipitates form
as LNPs. Dimensions of the mixing channel were 200x79 um, and the herringbone structures were 31 um high and 50 pum thick. Modified from
ref. 8. (b) Chemical structure of ionizable cationic lipid—3-(dimethylamino)propyl(12Z,15Z)-3-[(9Z,122Z)-octadeca-9,12-dien-1-yl]henicosa-
12,15-dienoate (DMAP-BLP). (c) Representative size distribution of LNPs (LNP PTEN-siRNA) analyzed in number mode using the NICOMP
370 Submicron Particle Sizer. LNP, lipid nanoparticle; siRNA, small interfering RNA.
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Figure 2 LNP-siRNA sy I of target gene in neuron cultures. (a) Pure neuron cultures on a coverslip in a petri
dish with a separate astrocyte feeder layer LNP-siRNA was added directly to the media. (b) Dil fluorescence (red) shows that LNPs are found
in the cytoplasm of neurons. Bottom: cross-sectional analysis of an image stack of fluorescence and transmitted IR images revealed that
that Dil puncta were found within the boundaries of the cell membrane. scale: 15 um. (¢) Quantification of LDH release revealed that LNPs
were not toxic at concentrations used. (d) Western blots reveal LNP-PTEN siRNA resulted in knockdown of PTEN protein compared with luc
siRNA-LNP control and nontreated cultures. (e) Dose response of LNP-siRNA concentration versus PTEN knockdown, last column shows
that nonencapsulated siRNA did not result in protein knockdown. In all figures, experimental values are the mean and SEM. LDH, lactate
dehydrogenase; LNP, lipid nanoparticle; NS, not significant; siRNA, small interfering RNA.

Ravi L Rungta, Pieter R Cullis, Brian A MacVicar, et al, Lipid Nanoparticle Delivery of siRNA to Silence Neuronal Gene

Expression in the Brain,

http://www.techusci.com

: Molecular Therapy—Nucleic Acids (2013) 2, e136; doi:10.1038/mtna.2013.65
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& sRiRaRERS R (SHM-CPChip)

ZR: ﬁ'%"ﬂ? BEHRERS A

#5: SHM-CPChip
Bpr: 4

N g mﬂ%ﬁﬁ
e €

1. =S EE3INE LR A S0

2. =AML HIR G A B ou AT LU A, T
LR A

3. IRAR B Rk ER:, &AM 1/16 3
(1.58 mm) , H%:0.50%]0.80 mmf{IPTFE
BN FE;

4. T = 8021500nm 2 5] f 48 K Bk

5. BEH . J7E;

6. ] BRI RS & g

7. %A%, BENIKI507T.

1 FREHERIE
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B EResRERcH (SHM-CPChip)

. N For this setup, use PTFE 1/16" OD tubing
Microfluidic chip

14 Herringbone
) Flow Resistor
Reservair 2 | KER-25-8
Aqueous ;

solution

Refer to appendix 1 to see how to
connect all the components together

Flow Resistor
KFR-24-4

The flow resistor should always
be placed downstream of the MFS

Reservoir 1
Lipids in
ethanol

Collecting

(between the MFS and the chip) to
the NPs

get more stable measurements.

Pressure controller

If you want to collect a relatively low volume of samples For a more automated sample collection, you
(<2 mL), prepare and label a set of 1.5 - 2 mL eppendorf can add a microfluidic valve with 3 ports and 2

tubes and place them in a rack close to the outlet tubing for positions between the outlet of your chip and

V A —';P
easy collection. To avoid sudden change of flow rates, you your waste / sample reservoirs. An example of ﬁ "%’}F}?{E =] %Eﬂ;b\ﬂ‘%*&l E
—_—

should minimize the outlet tubing displacement from your how to add valves into your system is described
waste reservoir to your collection reservoirs. in the Going Further section.

Interface type Luer A
Channel depth 200 pm — gopfwidth
Lid thickness 188 uym

Material Zeonor
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Weighted
average
DLS: Herringbone, FRR 3:1, TFR 4 mL/min _—

30
Average size: 114 nm
75 PDI = 0,08 —— Intensity
— Number
20
—Volume

Intensity or Number or Volume (%)

15
10
5
0
10 100 1000
Size (nm)
Cryo-TEM: Herringbone, FRR 3:1, TFR 4 ml/min
=== Fitted Iognotmal
| | Hlstugtam antrias
20
= Mean size = 71.08 = 18.28 nm
- POl = 0.07
g 15 Mean size = 68.39 £ 1222 nm
= POl = 0.03
[
‘s
§ 10
o
£
=
2
5
LR 1
10 100 1000

Size (nm)

http://www.techusci.com

Flow

TFR

Agueous

Lipids

LNP size

focusing FRR (mL/min) | (pLimin) | (pLimin) (nm) Pl
#1 10:1 bh 4000 400 54,45 025+003
#2 51 48 4000 800 60,12 0,19 0,02
#1 51 24 2000 400 10231 0,11 £0,02
#4 51 12 1000 200 1289 01420
#5 1 b 4000 2000 89.22 007002
#6 21 3 2000 1000 110,80 00820

(B)

30

25

Number fraction (%)
[ Py )
o r s

L]

10

DLS Number profile

100
Size (nm)
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PORBRLE R AL — SR _—

Nanoparticle Generator - Basic
( P . ) 1. P R OB

MFSS
2. MM HAREALEIEMFS

‘ 1116 0D tusing 1132.00 tubing Microfluidic chip (MFS4&MFS5)
Herringbone
| _— 3. FRAMEIIE2mLIYAS, 15mLf#Rih
eservoir 2
Aqueous VU, 50mLlgAS, Ait124

|| solution
| 4. PTFEE41F%E50K, PM4#£0.80mm;

oF 5. BLSEEMH T, BAEREL,
N N =
] Reservoir 1 v 1/4-28UNFIRZ 3k, PU4FIPUGS
; t;'l"'::o'ln Collecting T, MHFEPEEK, FEVIE
the NPs W
=33
6. WETENGA81 5, WiHmEA
8Barfy A 11
/ \_J 7. znmEmIRe BSR40 TS-
PPy D% AW SHM-GCC), fif} fi i A 83 B
BERRERBEISH - B | oA
UiVag

8.  PRAEBAFFE TS — 1

1/16 0D tubing

¥ ”’va‘,.

FrUEI1/4-28UNF B % 4: GERLAME1/1695~)=1.58mmIPTFEE4 FE)
B IR A B i XA A N IR & 3% :0 /r: Staggered Herringbone Micromixer Chip, {54 SHM Chip
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PORBRLE RS — R

(Nanoparticle Generator - Premium)
BFS2
11600 tubing | Union | 132 0D tubing Microfluidic chip
' | Herringbone
Reservoir 2
1|l Aqueous
solution -
1/16 0D tubing Union 113200 tubing |
il Lipidsin [Iollectir‘lj
ol ac! g
e - - the NPs
Pressure controller
o 0B1
MR Borofloat®33 & 45 T% 15
( IMERT 115 x60 x 6 £ 0.5 mm
TS-MRG-SV
< AOHE 2
IR FR 1.1 ml
RELER S BUiiE
HEERT 0.7 mm
C::::::::::EEE SR R T 100 pm
\_ KR @ 3 bar | 37 ml/min
RESEME 15 bar

TILLP./ /VvvVvvv.LELTTUDLI.LUITI

BoE A

1.
2.

PRIEIE R 779 ) 45 OB 1
PRI R E1TBFS2 (BTG H
80 pL/min ~ 33 mL/min)

B S g 2mLPY A, 15mLfigi it
a4, 50mLPgAS, Ait124;
PTFEE41 S50k, H40.80mm;
ELSEEN 8, AfEREk,
1/4-28UNFIZZ#5:3k, PU4FIPU6S
HMFE, MMAFEPEEK, FEVIE

ML
S EHIGA-81—4, T Ex
8Barft1 Sk 775

% it IR A B B R 44
(TS-SHM-GCC ) , il&ESHIR
444 (TS-MRG-SV) , FisEHf
R, Sl

AR AR RS T —
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MK FRERES - HiEE (Nanoparticle Generator - HTV) Wi 2
BERR 1. PIEEE T2 250B1
- = 1 ML Microfluidic chip 2. WARIRREITBFS3 (i 4~500
| Herringbone
— . mL/min)
Reservoir 2
i Aquesus _ 3. RES GG SMLAERGRII A, 50mLpY
BFS2 [ |
‘t | A, 150mLIgAN B 1124
= e I L 1 4. PTFEEAIFH50%, 17#0.80mm:
LSS EN 8, 8858 /REk,
“’:}f:‘rjgg 1/4-28UNFIZZ B3k, PU4ARIPUG3)
m S5, WSS PEEK, SEIEINILL,
. 6. W s ENIGA-81—%, Ak
[ — Pressure controller
- 081 8Barft) Sk 77
7. HEESHE S 2341 (TS-MRG-SV) ,
% Borofloat®33 i N, .
N | PR orofloat®33 BRI E R SAUR A4 (TS-MSV-
IMER ST 115x 60 x 6 * 0.5 mm . =N
TS-MSV-HTG for AOHE 5 HTG) , M, SHEKHE,
195 mL/min - N
—— 0.2 mi 8.  EAFHAAEHFME—M)
Work with holder
BARH S BUh)iE
FERT 2 1.0 mm
VBRI R~ 150 pm
g AGRIE @ 3 bar | 195 ml/min
BASEME 15 bar
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I
i
Lo |
| ! i
i ; Microfluidic chip This setup goes a step further and adds a
ST Flow Resistor | Heringbone second 3/2 valve to the previously described
Reservoir it Py microfluidic setup.
il1| Agueous ot Mux wire &
solution Vatres conkroller (‘1
.......... , | This additional wvalve allows vyou to
i Flow Resistor . .
] KFR-28-0 t [ automatically discard any unwanted output
! fluid (contaminated, flow stabilization

time, washing steps, ..) without having to
manually move the outlet tubing.

Collecting
the NPs

‘ HFSk
Reservoir Microfluidic valve
Lipids in 3 ports - 2 positions
ethanol

Reservoir Pressure
Ethanol controller
081 To switch both valves at the same time when starting the washing
process, press the “pause” button on the MUX Wire window, turn
— off both valves and then press “play” again.

IARTTRL ARG -
RGRENBHINERE. HREANFEE.
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BN = soxminanin—waT
Bl ==

I

|

l R{£RT, PDI, EE% FIEJE
o—’

—ANi et —HESEE

RIGEHIGIR AL
1. REZHERSE 2. ABWE M 3. Kk, BT LNP LIPOSOMES PLGA
. SIIBFORETAEORNA  SELURRTNS— MK PLOA SKETFR—HER
s LE Y/ (mRNA,SIRNAMIRNA,ASO..) 1, ES(-ZRTHMBIE, BORAMEISTEE,

8 &t
L3 B

-

L %
IR EI 3D iR, BEIH &Y.
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MARFRIBIEFIN TAMARA

BRA&RE R~ & PDI #E

PRSI T KIRI RS, LURSRENGER

W hl, AREIAFRFOREREAN B TAVARA REBSCHIGAAIER, BT S AAKERL
4, EIERTR (TFR) FIFEREL (FRR), * SREBRAMGEA, THAS PDI < 0.2, EHE > 95%,
Sl EsESY - 3%,
FIMBSCHVRRARR, TAMARA FAIRGUREY B RSENRRRTHWE 2 SRS, LBBEARRERL 1A
SIEKEITEE (PDI <0.2), ERANEHEENS . ‘ ; SRR TR R
b = g ; JiEas i
AR TR AFRGER EiRBRS R
BEANMRARE, EISTERL RS, ETUERS, Lk
A HKEIR AR ER T, RIS

HEM & ATy BT

Batch to batch reproducibility at different volumes FEETF TAMARA FANGHRIRARAR, BEIRERER
with Herringbone Mixer EA—EE,
o0 ®Run 1 Run 2 Run3 ;
%0 ifnl cPNfw? -POImR3 09 IXFHRIHHRTARRE (0.2 to 10 mURIARL, NS
80 08

0; EERIIGARAIAR, TITRE-RENTERR.

L ELEEERE2 R AR A 5

R}

Nanoparticle size (nm)
w
S

: 1: BFFIESEESHM
sy 2: HREESE

TAMARA FEFMARCHAVNRAERAR, RNA-LNP
RIEEMEREIA7%, BT aRMBANKIHS
PR,

TFR & FRR influence on siRNA-LNP encapsulation efficiency

z
£
$
§
E
3
-3
§
&

51 91
Flow Rate Ratio (FRR)

RTFR2mUmin  WTFRSmL/min P44 / P46
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Thank you very much for your attention
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