)) )] EUFES LR R
Progress in Biochemistry and Biophysics
' '12022,49(2):420~430

www.pibb.ac.cn

EEET A AFM BY 20 R 45 #E EURD
5N =45 RTNE
BARFEH Y T My eEM Y &

(" s EBLEBEIE I F S ST, HLAS A EIR TSRS, Y 110016;
2 ERE B A S R QUFIT SR, LB 1101695 ) EAREBERY:, JLaT 100049)

5R1,2,3)%
%

TE BB =R S A A B AR (LA B R AU EERERAS B VIAHOG , FFE AN ) SRt X T8 7 2B A i s
PUHI A EERRE R S T s (AFM) A B AN ST 4R 48 T AR AR T B, BRI ATEIR RIS T X o
AN TEABATE SRS FEA T 8 A FER AL, R REAE XA ) Rtk A T e A . JE T AFM A SR ) 2 e M o e 8K
TAEREAR T E RS, A A BRI O R TR AR, B A R R U R R k. SR, BT
AFMRES [ S LA T 25153k, F RIS 25 W 1 AFM 201 )24 S 8 O e AP SR T e KBk . AR SCim
IR S AFMZE G, KB T I AN R TS 2 WSl KO 2R e AR R vk . AR T S AERIML . B
A RIS . R DUEE MBI OB B RS T T R B A A S R G, IR E O
ANBEEE B AT 2B SR . KEHUNTH 3T3 (/N FURIG AT 4E40AE) . HEK 293 (ARG 408E) FIMCE-7 (AFLBRE4nH)
PRI TSI . A A T B | R A e R0/ 259 4 FEE S BRI, RS 70 AFM R ET B sh BBl FE S 1
AN F RO 2k . I Hertz-Sneddon 53 #0%} 1 AR T TS 2 A0 M FOA . S5 B e i T ARFLAR R
AN S B, AT ARSI R (BFHAMERT 1 um) 285 40 i v A AU 05 o B 70 627 B fee S5 | R
T K i CL BRI/ PT YL IR A S B B A £ X E AR AT B e %, 5 20 s 2R KPS IR bl BN E 5T 2 H AR,
JE T I AFM 25 S DB S Ak T 254 (BPERR ) SR B2 s EOR i AR fLE AT T, 2551 ORI T 25 RS
SFEAN SR . R 25 G TN ARM T B0 BRI JIORS oE Ak A O X b2 R 1 0 A i 7 )
A, N 2SR 0 A T 2E R T BRI TR S

EERE FTH MG, BETTER, GR, HARE, B

FESES Q27, Q66 DOI: 10.16476/j.pibb.2021.0081

20 2 B L A7 A A0 A S I
EipREL e Sy AR IE N (T e = N ]
HORMIRZI R B AU RS (IR
A EAEREH . GRS, RNdE LR
Y (WE RO USRS AR iz sh A TE
S5) Mo MU JLPAERTA R (nar, 4
ML, AE) MGG sl R KR A R
A0, 4 SNARE 3 7 2B (9 48 7 4K 3l 4 3 fil
B, HNETE AT AT 22 03 BURE 227 AR [ A R HE
DA AE = HERR ST ih BEAT 50 -, e VR K
o A gk 3Kl BT AR AR -5 USET HEA f  T f
AR B X T AR UL, R M A N A AR A

TEF AN AN LT | AR 20 B S AA ) = HE AR
vl — 7, MO R AR E (g ke
S WIEE B BhERRRE AR XA AR B
S AT M HA TS, QAT R IR AN [R] W B2 S
[P e o el <1 1 78 A S I N [ i 1 R
BEAL, TUEREE T 2R s v X 2 B 2 B . i T
# ERE P& IR (2018YFB1304900) , [ 5K 11 4R B} 2 3k 4
(61922081, 61873258, U1813210), it [E B2 [ iy #i Rk 24 5 2
5% (ZDBS-LY-JSC043) il 7248 “2%iC s A% i H
(XLYC1907072) %Hh,

s T THEC R

Tel: 024-23970203, E-mail: limi@sia.cn

Wk H Y. 2021-05-30, 4252 H M. 2021-06-17




2022; 49 (2

LR, % HERETRAFMBREMEERRS HZHFERSNE 421

. dUMETRE . AnRE s SR TR Y, S —TF
T, 20 A B B S Pt S MU A
)RR AR A S AR g 3h Y, WFEE
YAl . O S S R A R o R A
FEiREAL B A M- TR EE Z B AR BRI AN G
Wi A AR, 338 PERE A AR T 2R R A
NARE . FEIRAE R AR R SRR, SR A Y K
W/NTIE R MR IR U, LR A M LU E R A
ARG AT S, AR I R 21 20 S 2140
WA T e 0 0 ss e, s A0 SR Ok
SRR A R RIS A Y R, TR
AL ) 2RI 0 T8 s A G 3l B S AH DG 9
JRAIZYT BAT R R

J& F 71 & B B (atomic force microscope,
AFM) "1 % B kg BRLAR B ) 2 R R SR B T R
PEART-Br . AFM I e P 35 3K 51— AR R i 4R
AT B AR B 2 ) TR R S AR 2 1T A T e
T, [T 38 g — o S 28 TR TR RO G e T
BRES (i, iR, RS AR
AR AR B R R T - SR AS R I S 2 [A] (A
HAEFH VIR B A A e T S AR 1) = 4 15
AFM iR O B8 v] DL B AR R OB T X G AR
RS TEFT AR (CAnfEE . Jef . fnidssE) 1
YRR TR (ORI PR . 2009
Bf (] 53 S8R0 B A= ) REUE ) W, AFM AN
IR X FEA SR ETE SN ZE A A TR, I ReAE i
2 A AR 5 )RR AS R A T H R Ik 43
BrREA D2t 2 b g4, A
FIH AFM X% 40 B 7 2Rt JT e 17 iz i,
2O R e SR i = N 8 /iy VA =117 SENE11 ) =
SRR B Y AR A R R L A
SEREPERRIN SO G R BIRE AR B BRER IR SR
AT 20 6L T 2 R R I 20 AU G A i ) 2 e
IsEIR L AR K g B A, RO T
AW YRR R BRI AR, TR
AFM FREE A B HELAEAT 259004805, H AR FH AFM
G RNE Canfkyy 254 2o SR B 2
AN ER P8 AE) TR A AN T SRR A 0
2 TSR 2R 3 S IS 20 B 75 L DAXS
FEMLA ) AR EHEA TR, X R AR 2
Z A R L S I i 24 R A SRR B 2 T
AR 2R R S A AR AR SR I . RS N
DB AT E AFM S5 i st bS48 E, SCE T AT
AFM REF 2538836 7, H SRR 7 3 7 2R

s AFMARER, H SR G b 52 AFM #8
EHIN KGR

EEXF BRI, A SO i T B O A
5 AFMMISS G, SCE0 T S0 MRS vl B 2
PERIE G Sl P AT S R G, SEE TR R
AR Y GE %, JT ST T R 2 U
TR (BRI Sy AR R AR ARG I i . AR IR
e, B8R T ARTE 28R IS B A T 2 E R
SERIARAE o BIFST S S AN - 25 2 [ A EAVE )
R o B AT AL TR A TR AL

1 MRS

1.1 ZHpEiE SR SREAHE

A HINIH 3T3 (/N BRUVE G BT 2 20 )
HEK 293 (AWRAGE40M) FIMCF-7 (AFLARE40
M) FFRESIR, 4y B EREBE A E (-
W) . WMTE S A 10% 54 m g (L)
Biological Industries 23 #] ) #l 1% 7 % % -H % &%
( 3% [# Hyclone /A &) ) A DMEM (= H) B35 3
(2 [® Hyclon 24 7 ) #8535 (37°C, 5% CO,)
NIH 3T3. HEK293 F1 MCF-7 A il B A= 1 AU 21 fifd
AT DA 2 U B A VG 3R T IR LI 3R A AR K
PR MR A AP TR SR L A TR R . M 2 B
80% L% AL AP A ML AR BB AR IR 0L, Bl S
PR SR ILE T SR D, 55978 2~3 dJe EiR
R ILE T45 4 W0 AT ARM B S48 Jfa 43 B S2 56 F
& (K 1a) #7958 EHES . AFMAEN | 2%
JEMERAE)

1.2 EFAHERE (AFM)

A K H ) AFM A 5 i Bioscope Catalyst
AFM (£ Bruker A F]) (Kl 1b), AFMFESL 5%
BEAEpe GBI B M (Ti, HANikonA#) L,
A5 0] LIFE G220 5 25 | N 8 ARM #74t
2 HFRANAEIE TR (B 1) o FF5 A AN pY 5 53
L& F AFMEES B, BRI 456 AFM #3K12 AR:
FE ML TR B AR A )R TR, AR5
20 g 2 A P T S 15 1T Y AFM P A5 Oy
MLCT (€[ Bruker A #]), #EFEAESHMT .
TE 0 M R A A RE, B R RN
0.01 N/m, BB RKE H 310 um, BB 75 5K
20 pum, EFAQHT AR R 20 nm, EFREE R 2.5~
8 umo,

1.3 MR BHRUES RESREHIME
Y B S O B R S SRR (MP-225,



<422 EMUEEEYEER

Prog. Biochem. Biophys. 2022; 49 (2

% Sutter (Y AFAF]) . EESE (2000, EEH
Harvard {{#5 A7) . EEHESZF (I mlEzRE) ., R
US4 (PTFE tube) . BCEEHUEHSELL M (18 1c) .
FIFH P-2000 BUFEHYL (31 Sutter {XAFAF]) X E
MPFGEHE TR RIS (K 1e, ). BAOE
i, BCEREHMY AR S5 OREE . M. fi
), PrEHCE B Bhik BRI E W S80S B G R
AT o AR I, WL AT S A
HRZS (Fl2a), PRIMRR ZOR BRI I LIS BT T
g2 DR R NN T G W € s 2R T4 &3 s s N O o K
FHETAQ 5 IR A RL I il B 45, R AT ST AER A 1Y
Pridr . ACHIER G (i) &0 ER (Ob
) JERH 0.7~1.2 pm. FHFEFRHIAE, ASCRH

(a)
\
Micropipette

Substrate

AFM probe
~ \
. Cell

(©) 3D

FEROQEEBEHTIN i HIVERET R SH OBAR . RSF)
MELATE R . R T A5 0BT AN R S ol F (R T
AT LISR 0988 £ (microforge) XUt AT
FAERITIT 0 KR A e 1 22 7E = 4R L
I o0 R DU S G e S e e e T S A B B
VESTEAHE . IR 5 AFM 42 B0 58 G5 B b ks
(B 1b) X e R E A T8 T 5 | K 52
BRI A B TR E NG, TR R
BEUL T 5 | N R = e ST B B AT v K
/SR B 7 A8 s, MKEEIRRS o 2 H b4
L (E1d, h), BfJE o v G S 4 sl
TR TF 1 A S 30 B 40 B 5

. ) Micropipette
micromanipulator g \

Petri dish

I N f /
PTFE tube ‘
Micropump ™ = [
/ S)‘l‘i]% R =
Htiny T Sy

\ AFM probe

e

Fig.1 Single—cell analysis experimental platform based on micropipette and AFM

(a) Schematic of combining micropipette and AFM for single-cell drug delivery and simultaneous cell mechanics measurement. (b) Actual

photograph of the AFM system. (c) Actual photograph of the micropipette system. (d) Single-cell injection by micropipette under the guidance of

optical microscopy. (e, f) Optical bright field image (e) and scanning electron microscope (SEM) image (f) of a micropipette. (g) Moving AFM probe

to the targeted cell under the guidance of optical microscopy. (h) Optical image showing single-cell injection by micropipette.
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Fig. 2 Effects of the size of micropipette tip on intracellular injection
(a) SEM image of micropipette with closed tip. (b, ¢) SEM images of micropipette after breaking the closed tip. (d) Optical image showing that the
solution inside the micropipette is flowing out under positive pressure (denoted by the red arrow). (e, f) Intracellular injection by micropipette with
large tip size. (e) Optical image of the targeted HEK 293 cell (denoted by the yellow arrow) after injection. (f) Optical image of the micropipette.
(g, h) Intracellular injection by micropipette with small tip size. (g) Optical image of the targeted NIH 3T3 cell (denoted by the yellow arrow) after

Pl

injection. (h) Optical image of the micropipette.

Fig.3 Injecting blue ink into single cells by micropipette
(a—c) Optical images showing the dynamic processes of injecting blue ink into the targeted MCF-7 cell (denoted by the yellow arrow) by using

micropipette. (a) Before injection, (b) during injection, (c) after injection. (d-f) Optical images of injecting blue ink into other MCF-7 cells (denoted

by the yellow arrows).
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Fig. 4 The dynamic processes of injecting PI staining solution into single cells by micropipette
(a) Optical bright field image of the targeted NIH 3T3 cell (denoted by the yellow arrow) before injection. (b-h) Successive PI fluorescent images

acquired during the injection.
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Fig. 5 Single—cell PI staining solution delivery and simultaneous cell mechanics measurement based on the combination of
micropipette and AFM
PI staining solution was delivered to the targeted NIH 3T3 cell, after which AFM probe was moved to the same cell to detect the mechanics of the cell
under the guidance of PI fluorescence. (a) Optical bright field image of the targeted cell (denoted by the yellow arrow). (b, ¢) Optical bright field
image (b) and the corresponding PI fluorescent image (c) of the cell after injection. (d) Moving AFM probe to the targeted cell under the guidance of
PI fluorescence. (e) A typical force curve obtained on the targeted cell with PI fluorescence. The approach curve was converted into indentation curve
according to the contact point (denoted by the black arrow) in the approach curve. (f) Cellular Young’s modulus was extracted by fitting the

indentation curve with Hertz-Sneddon theoretical model.
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Fig. 6 Single—cell chemotherapeutic drug ( cytarabine ) delivery and simultaneous cell mechanics measurement by

combining micropipette and AFM

(a) Optical bright field image of controlling AFM probe to obtain force curves on the targeted MCF-7 cell (denoted by the yellow arrow) before

cytarabine injection. (b) Optical image showing the cytarabine injection of the targeted cell. (¢) AFM probe was moved to the targeted cell to obtain

force curves again after the cytarabine injection. (d, €) A typical force curve obtained before cytarabine injection (d) and Young’s modulus extraction

(e). (f, g) A typical force curve obtained after cytarabine injection (f) and Young’s modulus extraction (g).
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Fig. 7 Statistical histograms showing the Young’s modulus changes of individual MCF-7 cells after the injection of

cytarabine

With the use of micropipette and AFM, cytarabine solution was injected into individual MCF-7 cells which were grown in dish for precise drug

stimulation, and the Young’s modulus changes of the cells before and after injection were measured. Ten MCF-7 cells were measured.

Table 1 Young’s modulus changes of MCF-7 cells after the injection of cytarabine

Cellular Young’s modulus before
Cell number

Cellular Young’s modulus after

Time interval between injection and

injection/kPa injection/kPa Young’s modulus measurement/min
1 5.10+0.12 3.00+0.03 56
2 5.05+0.20 4.20+0.31 52
3 3.15+0.05 2.61+0.05 47
4 3.77+0.52 2.80+0.08 43
5 2.95+0.07 2.45+0.03 38
6 3.00+0.00 2.45+0.03 33
7 3.45+0.06 2.23+0.06 29
8 3.80+0.07 4.284+0.03 24
9 2.55+0.05 1.54+0.02 20
10 4.80+0.00 2.08+0.08 9
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Combining Micropipette and Atomic Force Microscopy for Single—cell Drug
Delivery and Simultaneous Cell Mechanics Measurement
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Dlnstitutes Jfor Robotics and Intelligent Manufacturing, Chinese Academy of Sciences, Shenyang 110169, China;
3)Unii/'(:'rsi[y of Chinese Academy of Sciences, Beijing 100049, China)

Abstract Objective Cell mechanics plays an important role in cellular physiological and pathological
processes and is closely related to the health states of living organisms. Investigating cell mechanics significantly
benefits revealing the underlying mechanisms guiding life activities. The advent of atomic force microscope
(AFM) provides a novel instrument for single-cell assay. AFM is able to not only visualize the morphology of
singe living cells under aqueous conditions with high resolution, but also quantitatively measure the mechanical
properties of cells. Utilizing AFM to investigate the mechanics of individual cells has achieved great success in
the past decades, which provides numerous new insights into cellular physiological and pathological processes
and has become an important tool in the field of life sciences. However, due to the fact that AFM probe itself is
unable to perform drug delivery, so far it is still challenging for the simultaneous measurements of cell mechanics
by AFM in response to the stimulation of ultra-trace drug. Here, by combining micropipette and AFM, a method
allowing single-cell precise drug delivery and simultaneous measurements of cell mechanics is presented.
Methods The micropipette-based single-cell microinjection system was built on an inverted fluorescent
microscope by using a 3D manipulator, a micropump, a syringe, a PTFE tube and a micropipette. The
micropipette was obtained from the glass capillary by using the micropipette puller. NIH 3T3 cells (mouse
embryonic fibroblast), HEK 293 cells (human embryonic kidney cell) and MCF-7 cells (human breast cancer cell)
were used for the experiments. Under the guidance of optical microscopy, staining reagents or drug molecules
were delivered to individual cells, and then AFM probe was moved to the targeted cells to obtain force curves.
Cellular Young’s modulus was calculated from the force curves by applying Hertz-Sneddon model. Results The
effects of the pore size of micropipette tip on cell injection were analyzed firstly, and the results showed that
larger pore size tip (the outer diameter of the tip was larger than 1 pm) could cause obvious mechanical damage to
the cell. Then blue ink or PI staining solution was injected to single cells by micropipette under the guidance of
optical microscopy, and the recorded optical/fluorescent images after injection clearly showed that the targeted
cells were successfully injected. Finally, micropipette was integrated with AFM to measure the Young’s modulus
changes of single cells after the treatment of chemotherapeutic drug (cytarabine), and the results showed that
stimulation of cytarabine could cause the changes of cellular mechanical properties. Conclusion Combining
micropipette and AFM enables applying precise chemical stimulation to a single cell while simultaneously
measuring cellular mechanical properties after chemical stimulation, providing a novel idea for single-cell
mechanical analysis in response to ultra-trace drugs.
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