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Development of a Total Internal Reflection Fluorescence (TIRF) Microscopy
for Precise Imaging the Drying Pattern of a Sessile Droplet

Wonho Cho" and Jinkee Lee "

Abstract Compared to epifluorescence(EPI) microscopy which captures fluorescence from the entire
depth of sample, total internal reflection fluorescence(TIRF) can selectively visualize only a single
surface of it. TIRF uses a thin evanescent field generated by the total internal reflection of laser light
on surface. However, conventional TIRF system are designed for total internal reflection to occur at
the upper surface of sample, making them unsuitable for sessile droplet imaging. We designed a TIRF
system suitable for a sessile droplet imaging by utilizing slide glass as a lightguide. We presented
the details for constructing the TIRF system using a prism, slide glass, air slit, and optical trap. Then,
we compared the TIRF with EPI by imaging the droplet with fluorescent particles during its drying
process. As a result, TIRF allows us to distinctly visualize the drying pattern on the bottom surface
of droplet.
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Fig. 1. (a) Schematic of TIRF. The green line
shows the path of totally reflecting light, and the
red line shows the path of refracting light. (b)
Overall system and (c) microscope stage of the
TIRF system.



f
Ry
12
DY
o
)
i
o,
i}
¢ q)
J

y!
LN
AL
1>
—111
Hﬂ
:‘o
m
ﬂ?
OE
oM.
it
rE

[d
AL

SO ZA Litrow Z&] 55 ARS8t
o] A gloll At Ul o]23l L]
Fete] SEpol= FEhsell YAkt
BAMEY) = Fy-a] AAd
HbE 0 2 wkabE ] e Z] ool =Edit}. o
o, fre]-4 A o] datzto]

|
£ do
e off

32
i)
do o\ =
K
EY

O ok W dnkAbE g stan, AabA o
AR ol o R A7|7F A4
0% Fradhs gk Aol AAdE o] A4 |
o FRe] S AT

frel-aA Al e AAZHE, = 60.94°)
= ﬁﬁl‘ﬂ%ﬂ*i oJ Rt Z AN (Opass > 0,)=

1:!]'*47] H Zoﬂ/\-] }_7] C%:]]/\].77~ Z74(9,<
16667 THo) ) AL Fa) Aai

n;sinf; = n,siné, 0))

o714 We WA 1oA A2 ke G,
n & WA ZEE, olL AAZE, ny = w2
4 =48, agla 0,2 FHZbe|tt? At 3t
QoA TR wAL F7(n,, =1.0003)°]3L
&3} Qlxly} &dtEl 2 7)uk gekalo] oﬂﬂ,]
FHENgropier) S B (g, = 1.333)7F ATl
7Hgskdn) Eet L, SEfol= %E‘ri -1
2] 2 immersion 0il2] %Xq o] Aol dA|st
Za|Z= 97 AAWEA o] FH e Lgo}ﬂ
ortly 71AEAT Ao g Koo oA
T ZEFA 27] YAHES 0, = 23°(<46.68°)
2 A3t fel-d A AAHAA atzte] 9
AZS Z3ete] i AvapL dAsk == A

67

iy
o,
N
rE
N
=
S

HRALE|o] ThA] ZE|Fo] I O R Fofe} 3

& B8l Mo ® wx Ul fok wheba
Foll A Ak JAF 1A 271(0.385 em<
0.585 cm)S U 21S E3 Axksksith

A
el
;

=
=

LS
<

L, - Linterval <D< Lprism (2)

prism

22
22 ), Ly & 2210
S 52 ) AgollA] dlo] vk
o] M4, D= ZEFo] O:‘?i_o—i—rﬂ ‘Qol =

w-rel AARe meeks AR o]
A& vepit) ojd D= vt o] vk
.

h

(2

- tan®

prism

)

AN 0,502 o] S LT JALE )
o F7ola, Aol 7] QA2 2 F719
e ZAES sl At E,

Lintcrl;aI% q—%‘ﬂ}' é"o] L]’lil']d'q-

L =2h tand

glass (4)

interval — glass

1w hyp, = ECFOlE T2 FO)(hy,s =
0.1 cm), 0, = rel-82 A A 2] AL
724& eI 0., =90° = 0, TAE 7L
Edl=o

gl A AR JAF AIAE A3 o] 5
ol air slit(tHH: 3 mm x 1 mm)¥} optical trap (Black
rubber)= AREsH] AlYS AT #lolA
o] o] Y 4 T e die= Sefol=
FekaE YAleHA] ekal ZEjFe] oA uig

7|2 WEE o] #5E Walgt) ueba Ze
ol FgA=E X

sk 4= QU= air slitS ARESHe] Hlo] thH 7]
= Al
w3 2 F-fe AA™EYAE Fig. 1(a)°l



68 Z93 - o]7l7]

Al AR Az o] AaL 22 5 7HA] 9
27 s fo o] W 2y
oA a2 &efol= FEhd
AR WE fel-A AAW

Ao dAtzrol AAZR T AX UlF HAHkA}
5 WA gt

1Y immersion o0il2] F2E-0] 100%7} o}
Y] wiitel, e diite Zels-fre] A
Holl A WhALE & 3ZefF Hldo| A thA] WAL
o] &fol= Fefzol Atk ol gk A w2 o]
U2 fre]-A AAEANA Y] JAzto] A1zt
H} Zropa f{2- O—HQ 73'73”1_2 FetA w=
d], o] HA ZAAH Sk W2 95l o
A= @ Al ED}O}O% qFEs
webA] TIRF A| =B 0 2 o4 9]
< #H5E T e AEES R S8, S8l
= 2 Qo &8 =X8ka 1 ]9l optical
trap= Xtk AH-24 optical trap
7ﬂ7ﬂﬂ = Foato] optical trapell =l Ble
3@ ol optical trapy} &Efo]= =2}
2= Abolo] &5 AREEE o] & 7IWke] Y
Nl MA} 5o FAFo] AL FYsH] Wi
ojt}. o]& Fal - AANS T O}L
2ol "L optical trapS E3 AH o TS
7] Aol FE L, fe-A4 AAMEAA W
HAREALZE sl & o] Ml optical trap©l]
o5l FTEA & A HA ] Aol Edeh=
A =ES T3
ole gt 7 x5 Fall NH o Wl FItat

= WS AAG L W ATAEE A7 Y
Hol| gk 71228 A S = Q) ol B o

Ry °H 1 = o=

Toll A AAE 7Ha17de] F7(z,~ 100 nm)= TF

2 o nliN Y
E|
Ac)
o
)
o g5

J

O
-

>

ndroplct )2 (5)

Nalass

c 2
47Tnglass \/Sll’l eglass -

A AE go]A] We] shgo|th? ola) e 7t
FAE w$- gb7] Wil TIRFE &3
oNA W FEwo] FYukS p=d = 9

il

AA| TIRF A28 738 B35S Fig. 1(b),
()2 2ot 2 o)A Fd o R RE AlFtE o
47112] 45°7]2{(Nd: YAG laser mirror)ol|A] HEA}
o] inverted microscope(Nikon Eclipse Ti-U)<]
gEd= 9] A2 ez ol sst) 1Ean
apA e g A w2 el A RhALE e AlE T 9
of A4 air slits St Ze|5S Tl &
glo]= FEfof JAFHTL o] F optical trap T
e Feb - A AAA
< FTEA, W AvAEE
NA e mdalA Hrh

go] A of njef= F38} Ho)E AdellA] wle] wt
+E(45° Mirror mount), g3} ¥ ~E(Stainless
steel mounting post), 3Z~E XX t}j(Post holder)
T2 8l AU 2zt meol sy, T
o 3 NG ) oAty B TAEE o474 U
A A ste] & 5-o] FA e oaf n|ej o] Zwrt &
AR = A& WAtk gk 4 A ve]= m|
Al 24 v vl E(Kinematic mirror mount)<}
A AAste] ZelFel PAbskE GARG,)
2 SIAE Fol(h)E AustA =4 Thsetes
AA

Sefol= Sehzol= 7P HE oF Smm
orE BRI 424 7] A H o] (Electrical
insulating adhesive tape)E F-Zdle] Slol=
=k Yol A Akgke] o] 3helA Wik W
= STekalth

I

2 Fapah

WA W

A

22 YUxt 30|H A

#=5 A =27]9 e TIRF 35 235
shelshr] 8l H Aol 10 um 91 F3F YA}
& El-ol

A €l (Fluorescent nile red particles, 10.1 um,
Spherotech Inc. / A,, =530 nm, A, =570 nm /
1.0 wt% aqueous suspension with deionized water),
B Aol 1 umd] 333 A4A AEl(Amine-
modified polystyrene, fluorescent red, 1.0 pm,
Sigma-Aldrich Inc. / A,, =575 nm, A, =610
nm / 2.5 wt% aqueous suspension with deionized
water), 37 A|5°] 0.1 um 1 FH YA A&k
(Sulfate -modified polystyrene, fluorescent red, 0.1



um , Sigma-Aldrich Inc. / A,, =538 nm, A,, =
584 nm / 2.5 wt% aqueous suspension with
deionized water) 5o AH&3Sle] MES A%
thoojn] A, A FES AR gl
=) sl ), & 9A A BE

she 3] shgolh. 2 AEL FY 94 @
gole zas

E(Deionized water)@} 1 pL:1
mL H]E&E2 EFsto] AZsiivh AAE AlE
< G dArEo] WA AR A s
3 vortex mixers =3l 180 s < £3F
Atk Egole FEkayE dEsS S5
D ooflo] AE S AxHAFS AH 1H
A7 AAE G E AREEAT BES BX
off, wlo] A= 9 ARgSt] ME 1 uLE
glo|= Frep Qlof] Wojmy el Aty
A P AES FAs3Th
Zy A7)0 ¥ dxpE 2344
TIRF$} EPI 7" AR&dte] 5
T Ao AdE vt s
OS2 TIRFSF EPIOA] B4 4% o] 1l
ZHHo R AHAS I, inverted microscope?]
& @ =(x 10, x40, Nikon CFI Plan Fluor)<}
Kinetix sCMOS 7} 2HTELEDYNE Inc.)S AH-&
3to] =ZEAIZE 100 ms2 AES BS53H)
o AFeA F53E TIRF Al Z=Flo ARE-H
| o] A <] f}ﬂc’ 532 nm®] L, EPI 7S &%
= Al AFEE inverted mlcroscope«] W Hlo
22 527.5-552.5 nm@|t}. o]k = Fge
w251 FFHSHA &8 W abdslr] 9@l
o| A ¢} L Zpzke]] MEE A X5kt 1
IRFS} EPIOIA] S Hje 53t w1t A=
A=317] S8l ol A ef
N2 B5S FHskTh ]—? D“i o] A

.

=

i:m o
12 ml> o,

o

Aol

=

R

e

ke]

=

R

U
=

o

(R oM ol

B 4 mlo J%
o flo mlo R

_VE

4

g g 2 o

ko] MEIE wol o)A We Avkalal Aol
S &3 EPI 719 ;ufzo 183}%;} -

e el el
dolqe] Melg
SEEDS

PR P ONE HS Y e Rl owE i

||V
mlo

o
o
=l
z
=
o
>~
>
OFO

S AL 7 dnd 7T 69

A7 A& A ES 57Tt TIRFS EPIL 7|
MG A2 10 pm, 1 pm, 0.1 pm =7]1¢] A
A Z47F 3R AZeta A5 JAES] A
52 imagel softwares F3l 57433l olu
e}

A2 A5 544 AHE 5 A9ES 3200 x
3200 A1 =7)9] olu]x|¢IT}. W EPI 71
ALE-3 A 9-o| = in-focused AFS} out—focused
Ax7L A AS5EH A=, ©lF in-focused Y
ko] A|ERES SA4ste] TIRFE &3 =53
in-focused YA} A5 H| LSS

2.3 Drying pattern 2=

Drying pattern ¥+ A] TIRF<} EPI 7]'"H-S- W]l
s el 13 el 2k AL S
&S 92 2718 Al ARSRE Hat A&
o) 1 yme] F3 S AENS et Bab 4y
L:1 mL H]&= EgFete] Aabeiqitt. 35k o] d
N‘Eﬂiﬂr o] vortex mixers &3l 180 s <t AME

= el sl FEkae odeei of
Oi AL Sl Al 9 Axstke] J‘ﬂ«] HAE Al
AR T AR B Ao sol1z 913
& ARESte] AlE 1 uLE Eetol= Sk 9l

0z oy Pz Wolrwelw F7] Foll =i
7 ZRARG, o] B BHE LE o 25 °C

2 AHEE F 60 %A, X
225 AHgste] A9 contact line©] ¥ A A
= W7o] dASHA el E AAIsleh

Azt A7) A& A3 TIRFSF EPIY)
Al B o] WS 2o R HASaL
inverted microscope2] x 20 Eﬂgﬂzgr Kinetix
sCMOS ZHi|2E AF&-31e] w=ZA1ZF 100 ms®
NA 9] drying patterna %*—.‘0}93\‘4-

Nz o] FHal= Bk 450 s 712 0% TIRFS}
EPIE &3l drying patterns #5538kttt o] d 7}
5U3A, EPIOIA TIRF A28log AYgS A
gtz flal fixzet glo]Aol x| MEE o]
|l olw FEo R E@xiﬂ' go] A o] ME
£ il 2] wiEel] #5 7S dgkskes 3
ol A oFzke] AlRke] *ﬁﬂoi‘jr kA o]
e8] TIRFE EPIL B} 5 s %A #5319k

l



70 %905 - o]z

Fig. 2= A&°] 217} 10 um, 1 pm, 0.1 um<!
4 AL ERE 0 04 Felo WIEL
TIRFS} EPIZ #53 A9E HojFt, ZE 7
_roﬂ}\-] z;ﬁtﬂg ANA o] HH o7 XA O
22 35 A3A in-focused PAE %2
WUrH o £)x]3k Aol out-focused Y AF
Arn 95l f1XE Aol

Fig. 2(a)= 10 um =719 3 Jx7} 3k
HNAS EPI9} TIRFZ #53 Azo|tl. EPIE
ALEEIE W, A el 9% st
anrk o) EAsHE A7 Bl BEHY
o, ol TIRFE AH-3191 8
Wol 9128 Yrero] BTk

Fig. 2(b)= oA 3} A3t 2310lA 1
7] WY YA w5 Asteltt. of
5= EPIE ARSSIS o 94 o] 15l
= YAF out-focused “FEIZ A AS5H o F=
il Hﬁ—O— sA RHEATE 18y TIRFE
|3 -5 w7 o] BropA|ar Wel] EAshE ¢

ko] AwaA B=E A

i

rlr
2
k)
o
12)

EPI TIRF

Fig. 2. EPI and TIRF observation results of (a) 10
um diameter particle, (b) 1 wm diameter particle,
and (c¢) 0.1 um diameter particle.

olglAl TIRF Al~HlE B3] #5IUS o
out-focused YA} AAE L WAL JApRto]
5= a9 0.1 um 2719 &

A= YERETE (Fig. 2(c).
Aoz Ao Z3hE G PR A7)
= FHE, AAS EPIR A58 9ol
out-focused UAFS} in-focused UA7} A =
H Atk o= EPIZ HA S w5 of o] Ul
o] W Hr} §FoA HF- 3}—5‘ YA el 5=
deto] F-S LFAI77] Wi
ofj A gt &F-2
) wkdo) A8 TIRFE 538 49-olli= =
= 2719 FF YA AEolA out-focused YA
7} AAE) AL infocused PAFo] A5H ZS &
Q18 <= Slth ol= TIRF Alz=glell A= #]o]A]
H10] 5 HRkatel] o) oz e] e kas}
= Sk S Es e F dAbE
gA7]7] wiEol) wheba] R )3l
EABHE YAl st dol glo] &gl
WHgelA] eFal TIRFOIl A ij—f‘ A et
TIRF= #538h= 3% 4o z7]e -3t
Al out-focused YAHE A ASIA T dd A=}
o] A7]of| uhe} TIRFOIA #Z5= YAke] A
717} AA R 3FAshes 97 AT
Fig. 2(a)°llA] ®ol= AAXH 10 yum 772 3
& WA= B5T 45 TIRFE AR 3S o] EPI
E AHES wjRn e EAehE AR Y
A BS5H AT o] E A TIRFeA %Z‘E]'L— A
kel A77F AARG sk @4 1 um
A719] B3 JAtel A= ‘/}E]r"l*q (Fig.
2(b)) HhAol Fig. 2(c)oll A Kol 0.1 ym 7]
YAE #5390l = TIRFS} EPIC]
A J’}%J A=ke] A7)l el = Aol 7} gl

o _Jz_ﬂo] mx]

L
oft 3
o:i

01 Eﬁ& A4S A8 98] 10 pm, 1 um,
0.1 719 FF dAE digo = TIRFQ‘r
EPI% %éﬂ 7} 3 {58 Fedstar YAEe
A 55 FA%H] 1 BEEE YERNIU (Fig. 3).

1 A3} Fig. 3(a)ellA, 10 pm =719 &34 ¢
A #5373 4 TIRFIIA 358 AAke] A
o] AAHo R gk S i) oy

il

Ral}



—
Q
N

60

CJEPI
504 C_ITIRF

30
20+

10+

Percentage of particle (%)

=
T I'_| T

an an aa
(1Y) iz 4

E
I

T
a
o

N
+

Particle diameter (um)

T
N

(22}
o

[ JEPI
50 C_ITIRF

40
30-
20-
10+ H
0 . . . ; ; ;

0.2 0.4 0.6 0.8 1.0 12 1.4

Percentage of particle (%)

Particle diameter (um)

—
(2]
—

60

[_JEPI
504 C_ITIRF

/W

10+

Percentage of particle (%)

0 T T T T T
0.04 0.08 0.12 0.16 0.20

Particle diameter (um)

Fig. 3. Observed diameter distribution of (a) 10 um
diameter particle, (b) 1 um diameter particle, and
(¢) 0.1 um diameter particle.

TIRFE &3l @59 4o At A5 5551
um(E=AZE: 0.949 pm) =2 2 A X]F—EE} 27
f&—i—% "ol EPIE -G8l 5% kel Hat
A2 10.513 um(FEFH=} 0.951 um)i o)z}
7} *‘Zﬂ A719F ALl LA AFHJUT

And 71 i 71

Fig. 3(b)= 1 um =719 33 Y7} TIRFS}
EPI A #4549 A 52 FEXE e o] 7
T 92 TIRFOA 549 333 4R 2717}
st AF BEET7E dAAoR %o
o]-&3t3Ath B3t TIRFOIA] 5% YAFe] Ht
A &2l 0.578 um (EFHA=}: 0.1
A BE5E H ZE 1.095 pm (
pm) =t} ARgket

Ao Fig. 3(c)ollA] 2ol 0.1 um 7]9]
PG P2 = o2 A5 92 TIRFSF EPL &
FollA A5 A Fo] BT A AAEHAT
$E3F TIRFSF EPIONA] #54 Abe] H A&

12 pm)
¥HAF0.113

o2

A ”74 0.107 um (E=A=F:0.029 pm)<}
0.110 pm (EFH=}:0.037 pm)E 25 A A<}
A }fz A712 #ASH Ak

olgA FF YAke] A7]ell wheh TIRFOI A
HE5E= JRpe] A7 AAEAY fAEE
o= TIRFS] ¥ H7F 741789 F7(z,~

100 nm) A== gk7] wTott.
10 pm&F 1 pum 2719] PAR= PR v &
o] 7+ He] TR} 77] wjito| TIRFE A}
23 A9 Qo] AR Kuto] 7ka| o] oa vk
Fwo} g9t webd TIRFE AHEHS o)
Q Qo] F717F AA] JAFe] 27w
=8
0.1 pm =17]19] &3 Y=

A

o i
Fl[‘

B
>,\I

)

j

T
5=
2,

Qlz}e] Hi
ol FART Zoba dAp HA| 7t
%H Wit whebs TIRFE ARS-SF
12}e] A717F Aol sdeA #5H
%3] TIRF A|~"lo=w #=H=
A Bl ofet W Ao
RFolghe= s Flsisit

)

o
H_l = N

o lo

L

of

=

fL 9 Ho br o

M oxl S ol B XN
L i

o

i L=

rlré'

1o, o
4o 1o

)
Ol

-
Lo

Fig. 4= 53] 1 uLgl dZHo] F7] ol =&
o] S8k 59 WY drying patternS TIRF
=} o]r/}. okx] 2] zﬂ J,]. 7Lo]
W o] WHS 2% u‘:ﬂi A4 O}Oﬂ_..ﬁ in-focused

U
=3

S Siei Hhors Gelt



72 %905 - o]z

Fig. 4. Drying pattern observed by (a) EPI and (b)
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