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Structured illumination microscopy (SIM) is suitable for biological samples because of its rela-
tively low-peak illumination intensity requirement and high imaging speed. The system resolu-
tion is affected by two typical detection modes: Point detection and area detection. However, a
systematic analysis of the imaging performance of the different detection modes of the system has
rarely been conducted. In this study, we compared laser point scanning point detection (PS-PD)
and point scanning area detection (PS-AD) imaging in nonconfocal microscopy through theo-
retical analysis and simulated imaging. The results revealed that the imaging resolutions of PS-
PD and PS-AD depend on excitation and emission point spread functions (PSF's), respectively.
Especially, we combined the second harmonic generation (SHG) of point detection (P-SHG) and
area detection (A-SHG) with SIM to realize a nonlinear SIM-imaging technique that improves

the imaging resolution. Moreover, we analytically and experimentally compared the nonlinear
SIM performance of P-SHG with that of A-SHG.

Keywords: Super-resolution; structured illumination microscopy; second harmonic generation.

1. Introduction years to observe the diffraction-limited and ultrafine

A series of super-resolution optical microscope im- structures of bio-samples. These are divided into
aging techniques have been developed in recent  three categories.

$8Corresponding authors.

This is an Open Access article. It is distributed under the terms of the Creative Commons Attribution 4.0 (CC-BY) License. Further
distribution of this work is permitted, provided the original work is properly cited.

2350010-1


https://dx.doi.org/10.1142/S1793545823500104

W. Wu et al.

The first category is super-resolution microscopy,
which is based on the single-molecule localization
imaging principle.! A super-resolution image is
reconstructed by obtaining the position of each
fluorescent molecule through multiple imaging and
computational localization. Techniques that use
this method to achieve super-resolution imaging
include fluorescence photoactivation localization
microscopy,’ stochastic optical reconstruction mi-
croscopy,” and photoactivated localization micros-
copy.® Single-molecule localization-based super-
resolution microscopic imaging can acquire images
with a resolution range of 10-30 nm, and it does not
require an intense excitation light.*> However, the
type of technique is time-consuming, processes
large volumes of data, and requires specific fluorescent
dyes for different biomedical imaging applications.’

The second category comprises techniques that
achieve super-resolution imaging by spatially mod-
ulating the excitation light to compress the point
spread function (PSF) of the optical microscope sys-
tem. Representative methods include stimulated
emission depletion (STED) microscopy and reversible
saturable optical linear fluorescence transitions
(RSOLFT) microscopy.”® STED is capable of super-
resolution imaging, with a resolution range of 20—
60 nm,”'" and a higher depletion laser power intensity
corresponds to a higher spatial resolution. Addition-
ally, it requires specific fluorescent dyes, which limits
its application in live cell observations.!""'? RSOLFT
can reduce the optical power density of STED by
eight orders of magnitude, by suppressing the lumi-
nescence of fluorescent molecules with switching
effects in the annular spot region. However, this
method also requires specific fluorescent dyes.!' %14

The third category comprises frequency-mixing
techniques, of which structured illumination mi-
croscopy (SIM) is the major type.'”'¢ SIM uses
streaked structured light to excite a sample to
generate fluorescence, thus shifting undetectable
high-frequency information to the optical system
passband via the Moiré effect.!”? Super-resolution
images can subsequently be reconstructed using a
phase-shift reconstruction algorithm.?’ Additional-
ly, this method does not require high peak illumi-
nation intensity or special dyes,'*!'%2172% and
because wide-field SIM has a higher imaging speed,
it is more suitable for imaging living cells. However,
the patterned structured illumination is susceptible
to scattering of the sample, and its aberration might
fail the reconstruction.?”-*

Second harmonic generation (SHG) is a nonlin-
ear light-scattering process, in which the second
harmonic signal is the raw signal of the sample, and
fluorescent staining is not required;*'** hence, bi-
ological samples are free from photochemical tox-
icity. SHG microscopic imaging is usually
performed using near-infrared femtosecond laser
excitation,?* ™" thus reducing the photodamage and
photobleaching of biological samples. Only the
sample at the focal point generates the SHG signal,
which enables the high-quality three-dimensional
(3D) imaging of thick samples. However, because
SHG has a coherent PSF, the wide-field SHG-SIM
cannot improve its resolution.*® Recently, Urban
et al. successfully implemented the point-scan SHG-
SIM experimentally,*® and Gregor et al. achieved
SHG super-resolution imaging using image scanning
microscopy,’’ which improved the resolution by
approximately 2-fold, compared to conventional
SHG microscopy. Our research group also proposed
the point-scan SHG-SIM technique, which intro-
duces the nonlinear effects of SHG and improves the
resolution by approximately three-fold.*! The
point-scanning fringes, distinguished from wide-
field methods, are generated through rather the
spatio-temporal intensity modulation of the exci-
tation laser than the optical interference in wide-
field SIM. The point-scanning SHG-SIM technique
can be performed on existing SHG microscopes by
simply inserting a modulator between the laser and
a commercial SHG microscopy to modulate laser
intensity. Moreover, the point-scanning SIM tech-
nique can be directly used in other coherent non-
linear optical microscopes such as coherent anti-
Stokes Raman (CARS) and so on.

Although we found that point and area detec-
tions affect the system resolution, a related analysis
of the imaging performance of the two systems has
not been conducted. Therefore, in this study, we
systematically analyzed the influence of both
detections on the resolution of SHG-SIM, simulated
the corresponding imaging process by deriving the
imaging equation, and performed experimental
verification.

2. Materials and Methods
2.1.

In a single-point scanning SIM, the intensity of the
excitation beam is sinusoidally modulated by an

Theory
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electro-optical modulator (EOM), and the sample is
excited by the modulated excitation beam to emit
signal light point-by-point via point scanning, thus
realizing time-accumulated virtual fringed pattern
illumination in the sample. The fringes interact with
the sample structure and produce a Moiré mixing
effect, transferring high-frequency information of the
sample into the passband of the imaging system,
which is then recorded by the detector and recon-
structed using the SIM-reconstruction algorithm to
produce super-resolution images. In this study, the
raw SIM data obtained by the point and area
detectors are different. For point detection, the signal
light generated by each excited Airy spot on the
sample constitutes one pixel of the raw SIM image.
Conversely, for area detection, the signal light gen-
erated by each excited Airy spot on the sample pro-
duces a corresponding diffracted-image spot on the
area detector. These spots are superimposed on each
other to form a raw SIM image. Additionally, we
theoretically derived an imaging process. The PSF in
a microscopic imaging system is usually expressed as
a first-order Bessel function of the first type.*?

2J, (27TNA m)

2NAZZ 152 (D)
A

2

PSF(z,y) =

where A is the wavelength of the light, NA is the
numerical aperture (NA) of the objective lens, J; is
the first-order Bessel function, and (z, y) is the spatial
coordinate system. When a laser beam is focused on
the sample through the objective lens, the focused
spot acts on the sample to obtain the following ex-
pression:

9o(u,v34, 5) = S(u, V)hex(u —i,0 = j),  (2)

where S is the sample function, h., = PSF()\.) is
PSFex, A\, are the excitation wavelengths, and the
lower-right corner labels ex indicate the excitation;
(u,v) is the coordinate system of the sample plane,
and (i, ) is the coordinate system of the position of
the excitation spot on the sample plane. When a
point on the sample is excited and the resulting signal
light is recorded by a detector, the Airy spot function
is recorded as follows:

gl(wvyazvj) = //90(uvv;iaj)hem($ —u,y— U)dUdU,

(3)
where h,,, = PSF(\.,) is PSFem, A, are the emis-
sion wavelengths, and the lower-right corner labels
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em indicate the emission, and (z, y) is the coordinate
system of the detection surface. For a point scanning
area detection (PS-AD) imaging system, the signal-
light images corresponding to each excitation spot
recorded by the array detector need to be summed to
obtain a raw-signal light image, whose expression is
as follows:

Glaw) = [ [ lovsigydidi
- [[{[[ st 0t ico -y

X Bem (T — u,y — v)dudv}didj

- / / { [S (v, v) / / hex(u—i,v—j)didj]

hem(x — u,y — v)}dudv

—A//Suv em(

= AlS(z,y) ® hew (2, y)], (4)

where A = [ [ he (u — i,v — j)didjis a constant, and
® is the convolution operation. Equation (4) shows
that PSFem determines the imaging resolution of PS-
AD, as in the case of wide-field imaging.

For point scanning point detection (PS-PD) im-
aging, each excitation Airy spot is integrated, and
each integrated value is used as a single pixel of the
raw-signal image. Subsequently, the integrated
values are sorted according to the corresponding
scanning order to reconstruct a raw-signal image,
whose imaging equation can be written as follows:

Glios) = [[antovrivasdy
- [J{[[ st o)
% o (@ — w1y — v)dudv}dxdy
— [[{istonatu=io- )
y / / B (2 — 10,y — v)dmdy}dudv
—B// s V)t — 1,0 — 5)dudy

S(i, ) ® hex (4, 5)], (5)

— u,y — v)dudv

2350010-3



W. Wu et al.

where B = [ [ hey(x — u,y — v)dzdy is a constant.
Equation (5) shows that the imaging resolution of
PS-PD is only dependent on PSFex.

The derivation of Egs. (4) and (5) shows that the
signal-detection processes of PS-AD and PS-PD are
different, and that the imaging resolutions of both
are affected by different factors. In a single-photon
fluorescence imaging, the excitation wavelength is
usually shorter than the emission wavelength;
therefore, the full width at half maximum (FWHM)
of PSFex is smaller than that of PSFem. Therefore,
the imaging resolution of PS-PD was higher than
that of PS-AD. However, in multiphoton fluores-
cence or SHG imaging, the FWHM of PSFex is
usually larger than that of PSFem; therefore, PS-
AD has a higher imaging resolution than PS-PD.

Furthermore, we can add structured lights to
these two different imaging modalities to further
improve the imaging resolution. In PS-AD linear
SIM, the light field-intensity distribution of fluo-
rescence in the sample is linearly related to the
illumination-light  field-intensity  distribution;
therefore, this imaging process is simplified into the
following equation®’:

D(r) = {S(r)[I(r) ® hex(r)]} @ hew(r),  (6)

where S(r) is the concentration of fluorescent
molecules (characterizing the sample information),
and I(r) is the spatial modulation function of the
structured light. The linear modulation function is
expressed as follows:

I(r) =1+ mcos(2rkyr + ¥), (7)

where m is the modulation depth, k, is the fre-
quency of the modulation function, and ¢ is the
initial phase. The Fourier transform of the result
calculated by substituting Eq. (7) into Eq. (6) is
performed as follows:

D(k) = FUS(MI(r) @ hex(r)]} @ hew ()]

[O(k) H ox (k) + 56k = o)
=\5S0@ | H et + 2ok + k) H oy (k)
H (k)™
[6(k) H ox(0) + 3-8k — ko)
= (SO @ | Ao )e + 25+ k) | Honlh)
L He(—ko)e

= [S(0) He(0) + -5 (k = ky)e™ Hos (o)
+ 20+ ko) % H(— o) | Hem(R)
= S e (W) H x(0) + 5 S i (k — ho)e' Hoo (ko)
n % Stiem(k + Ko)e ™ H o (—ky),
®)

where k is the spatial frequency; 6 is the impulse

function; and S, H,, and H,, are the Fourier
transforms of S, h., and hg,, respectively.

Helll(k); SvHPm(k + kO) = S(k + kU)Hem(k); SnHem iS
the low-frequency information of the sample spec-
trum; and S ];.]em and Sgem represent the high-fre-
quency spectral components of the sample.
Therefore, the spectral information of the sample
was extended, thereby improving the imaging res-
olution. The upper-right corner labels n, p, and v of

S Zem, S ];[em, and S ?%m, respectively, represent the
spectral components of the different frequency
bands, and the lower-right corner label Hem indi-
cates that the spectrum is multiplied by the emis-
sion optical transfer function (OTF).

The imaging equation (Eq. (9)) is derived by
modulating the intensity of the excitation light for
PS-PD imaging, thereby modulating the high-fre-
quency information, which cannot be collected, into
low-frequency information that can pass through
the passband of the imaging system®!

D(i) = / / ()T (1, D)oy (11 — i) gy (% — ) dudz
_ / ho (2 — w)da / S(u) I (w, ) hoy (1 — i)l

_c / ()T (Yo (1 — 1) du
= C{[S(D)1(1)] ® hex(7) + I(3)[S(7) ® hex (9)]},
9)

where I(u, 1) is the sinusoidal modulation function*!
and C = [ hgy, (2 — u)dz is a constant. The expres-
sion of D(7) is Fourier transformed as follows:

D(k) = FICISG)I(0)] & hew 3) + 1) [S(0) @ s (0)]}]
CH[S(k) @1 (k) H o () + 1 (k) 1S () H o ()}
O |8 (k) +5-S k= o)e
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where D(k) and H, (k) are the Fourier transforms
of D(i) and h.(i), respectively; gzex(k) =
S(k)H (), S'hex(k = ko) = S(k = ko)H (k) and
S trex(k+ ko) = S(k + ko) Ho (k). Further, Sy is
the low-frequency information of the sample spec-
trum, while S %ex and S ;]ex represent the high-fre-
quency spectral components of the sample.
Therefore, the spectral information of the sample
was extended, thereby improving the imaging res-

olution. The right subscripts Hex of S Hexs S e

and S %QX indicate the product of the spectrum and
OTF of the excitation.

From Egs. (8) and (10), we can see that PS-AD
and PS-PD in linear SIM can broaden the OTF
passband to [k — ko, +k + ko) and
[k — ko, +k° + k), respectively.

Here, we further discuss the effects of the two
detection methods on the resolution under SHG-
SIM conditions with optical nonlinear effects. Non-
linear optical effects arise when illuminating sam-
ples with noncentrosymmetric-ordered structures
under intense lighting.**

= — — B

P=yW . E4+y@ . E.-E4+x®E.-E-E+---,

(11)
where x () is the optical magnetization rate, E is the
distribution of the electric field, and the quadratic
term P = x@ : E . E represents the SHG signal,
which is proportional to the square of the excitation
intensity and can be used to characterize the non-
centrosymmetric-ordered structure of the sample.
Therefore, there is h, = PSF?()\.) in the SHG
system.

The PS-AD-based SHG-SIM (A-SHG-SIM) im-
aging equation is as follows:

=

D(k) = F{S ()T (r) @ hex(r)]} @ B (1)]

{500 | (1475 )06 Hux(0)-+ ot~ o

X H o (ko)e™ +mb(k+ ko) H o (—ko)e ™
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m? = ;
+ T 6(k — 2k0)HCX(2k0)612¢

2 - . ~
00+ 2k (~2g)e | ()

2\ ~n ~ -
= <1 + m?) HCX(O)SHCIIL(k) + mHex(kO)Sz;Iem

x (k — ko)e™ + mH o (—ko) S grem (k + Ko)e ™%
2

+ mTHex(2kU)‘§?em(k - 2k0)ei2<ﬂ
2 ~ 9% .
+ mTHex(_QkO)SiIem(k + 2]/”.0)6722%7
(12)

where g?:jfgem(k - 2k0) = S(k - 2k0)ﬁem(k)v Si})em
(k +2ko) = S (k+ 2k) H gy (k). and S e, and S s
represent the high-frequency spectral components of
the sample. The upper-right corner labels n, p and v
of S o S Eem, and S Yo Tepresent the spectral
components of the different frequency bands. Be-
cause of the nonlinear SHG response, the imaged

spectral information has additional S’?Cm(k — 2ky)

and S ?;Cm(k + 2k;) spectral components, compared
to the PS-AD imaging of linear SIM, thus enabling
the extension of the OTF passband of the SHG
imaging system to [—k™ — 2ko + ko™ + 2kg] (k2™ is
the cut-off frequency of the emission OTF), while
this 2k, < k¢* condition is required (k¢* is the cut-
off frequency of the excitation OTF).
The PS-PD-based SHG-SIM
imaging equation is as follows:

D(k) = F(C{ISH)I*(0)] @ hey(3)
+I%(1)[S(i) ® hex(1)]})
[ Hrex () +mS e (k — o)™ |
+ mS Jrox (b + Ko )e %

(P-SHG-SIM)

2 .
S = 2k )2

2 o ,

+ B S+ 2k )e 2
—c{ bt 4 il o
S”Il{ex(k) + mSTIL{eX(k - kO)eiw

+ S oy (ke + ko )e %

2 .. ‘
T+ TS ek = 2kp)e

2 _n ;
T S (b + 2k )e

(13)
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where S jiox(k — 2ko) = S(k = 2k) Hoy (R); S 1o (b
2ky) = S’(k: + 2ko) H o (K). g?ex and gi})ex represent
the high-frequency spectral components of the
sample. Compared with PS-PD imaging of
linear SIM, the imaging spectrum was expanded

with two spectral components: S ?Ox(k — 2k,) and

S ?}]ex(k—k 2ky), thus enabling the extension of the
OTF passband of the SHG imaging system to
[~k — 2ky + kX + 2kg), while this kg < k¢ condi-
tion is required.

Comparing A-SHG-SIM and P-SHG-SIM based
on Egs. (12) and (13), we can see that A-SHG-
SIM and P-SHG-SIM can extend the OTF passband
to  [—ki™ —2ky, +k™ + 2kg] and  [—kgF — 2k,
+k & 4 2kg], respectively.

2.2,

We simulated the imaging process of PS-PD and
PS-AD using MATLAB (version 2018b). The mi-
crofilament-like samples were formed using discrete
points (Fig. 1). The NA of the objective lens was set
to 1.4, and three different groups of single-photon
imaging conditions were set for PS-PD:

(1) hex = PSF(A = 488 nm),
hClIl = PSF(ACIII = 550 nm);

Simulation

0.2pm
—

—
)
_ =

(2) hey = PSF(A = 405nm),
hew, = PSF(Ay, = 550 nm);

(3) hey = PSF(A = 405nm),
hem = PSF(A.,, = 650nm).

Figure 1 shows the PS-PD-simulated imaging
results and a detailed corresponding matrix-simu-
lated imaging procedure is provided in Appendix A.

In the PS-PD imaging mode, the simulation im-
aging resolution of Groups 1-3 is 178 +3nm,
146 + 1nm, and 146 + 1 nm, respectively. Accord-
ing to the theoretical equation of the PS-PD imag-
ing resolution, ¢ = 0.5\, /NA, the theoretical
imaging resolutions in Figs. 1(b)-1(d) were calcu-
lated to be approximately 174nm, 145nm, and
145 nm, respectively. This shows that the imaging
resolution obtained from the simulation is consis-
tent with theory. It can be concluded that the im-
aging resolution of PS-PD depends on PSFex but
not PSFem, as derived from Eq. (5).

Three different groups of single-photon imaging
conditions were set for PS-AD.

(1) hex = PSF(Ax = 488 1nm),
hcm = PSF()‘cm =650 nm);

(2) hex = PSF(Ax = 488 nm),
hem = PSF()‘em =550 nm);

(3) hey = PSF(A = 405nm),
hem = PSF()‘em =550 nm);

0.2pm

0.2pm )
— —

—
=
S

2 1.0 2z 1.0 2 1.0

58 5 08 gos

= = =

- 0.6 - 0.6 = 0.6

T | Ao Tl o 3

N 04 178+3nm N 04 146+1nm N 04

= = =

£ 02 £ 02 £ 0.2

et Bt ot

=l = =
0.2um Z 0.0 Z 004 ¢ Z 0.0
— 0 100 200 300 400 0 100 200 300 400 0 100 200 300 400

Position(nm)

Fig. 1.

Position(nm) Position(nm)

PS-PD-simulated imaging results of three groups of different parameters; the original image of the sample and its partial

enlarged view are shown in (a) and (e); (b)—(d) images corresponding to the three groups of parameters that are displayed from
Group 1 to Group 3, respectively; (f)—(h) the intensity curves corresponding to the yellow dotted lines in the red blocks in (b)—(d),
the average FWHM values are 178 + 3nm, 146 £+ 1 nm, and 146 + 1 nm, respectively.
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Figure 2 shows the simulated imaging results of
PS-AD; comparing these imaging conditions,
PSFem of Group 2 is smaller than that of Group 1,
and PSFex of Group 2 is larger than that of Group
3. In the PS-AD imaging mode, the simulation im-
aging resolution of Groups 1-3 is 233 +3nm,
201 £4nm, and 201 +4nm, respectively. There-
fore, it can be concluded that PSFex does not affect
the imaging resolution of PS-AD. Thus, we can
draw a conclusion that the PS-AD resolution is
dependent on PSFem but not on PSFex. According
to the PS-AD resolution equation, £ = 0.5\,,,/NA,
the theoretical resolutions of Figs. 2(a)-2(c) are
calculated to be 232nm, 196 nm, and 196 nm, re-
spectively. The simulation results are consistent
with theory, thus confirming the derivation of
Eq. (4). In conclusion, PSFem determines the
imaging resolution of PS-AD, while the imaging
resolution of PS-AD is not affected by PSFex.

The imaging processes of PS-PD and PS-AD
were simulated. Owing to the SHG nonlinear pro-
cess, the emission wavelength of SHG was exactly
half of the excitation wavelength. To be consistent
with the conditions in the following experiments, we
used the excitation wavelength of 810 nm and the
emission wavelength of 405nm in the simulation.

1.5um

>
=

0.2um
—

Comparison of point detection and area detection in SIM

The PSFex was h., = PSF2()\,, = 810nm), and the
PSFem is h,, = PSF(\., = 405nm). By combining
the linear SIM with P-SHG and A-SHG for imaging,
nonlinear structured light can be obtained in sam-
ples owing to the nonlinear effect of SHG imaging.
Figure 3 shows the final simulated imaging results.

In the normal SHG imaging mode, the resolu-
tions of P-SHG and A-SHG are 218 +3nm and
148 + 3nm, respectively. The latter resolution is
approximately 1.47-fold higher than that of the
former. Stripes of 218 nm were loaded onto the
sample of the P-SHG and A-SHG imaging systems.
The four high-frequency spectral components of

S Sh 8% and Sh. of P-SHG-SIM and

g ?fema S ;Ienn g i?em and S' i?em of A-SHG-SIM were
stitched with the fundamental frequency spectrum
to obtain wider spectral information. In the SHG-
SIM imaging mode, the simulation imaging resolu-
tions of P-SHG-SIM and A-SHG-SIM are
114 + 3nm and 88 £ 3 nm, respectively.

2.3.

As shown in Fig. 4, a femtosecond titanium sap-
phire laser (MaiTai, Spectral Physics) with a pulse
width of 100 fs was used, and the wavelength was

Optical system

1
0.2um
—

2 1.0 2 1.0 2 1.0
§ 0.8 § 0.8 § 0.8+
=

= 0.6 = 0.6 = 0.6

=l e = = |l e
D Y %)

S 04 233+3nm S 041 S 041

< < <

g 0.2 £ 0.2 £ 0.24

i St St

(=] =] =]

Z 0.0 Z 0.0 Z 0.0

0 100 200 300 400 500 600 0 100 200 300 400 500 600 0 100 200 300 400 500 600

Position(nm)

Fig. 2.

Position(nm)

Position(nm)

Imaging results acquired by PS-AD of three groups of different parameters; (a)—(c) images corresponding to the three

groups of parameters displayed from Group 1 to Group 3, respectively; (d)—(f) the intensity curves corresponding to the yellow
dotted lines in the red blocks in (a)—(c), the average FWHM values are 233 £+ 3nm, 201 + 4nm, and 201 £+ 4 nm, respectively.
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—— P-SHG
2 1.0 —e— P-SHG-SIM
“
£ 0.8
~
=
= 0.6
=
o
S 041 N
g 02 114+3nm
5 218+3nm
Z 0.0

0 100 200 300 400
Position(nm)

Fig. 3.

0.2um

—— A-SHG
—e— A-SHG-SIM

R~
2 a ®

&
o

148+3nm

ormalized Intensity

N
=
o

0 100 200 300 400
Position(nm)

Microfilament-like images obtained by P-SHG-SIM and A-SHG-SIM; (a) the left side is the conventional P-SHG image,

and the right side is the P-SHG-SIM image; (b) and (c) are the local enlarged conventional P-SHG and P-SHG-SIM images of the
red dashed box in (a), respectively; (d) the left side is the conventional A-SHG image, and the right side is the A-SHG-SIM image;
(e) and (f) are the partially enlarged conventional A-SHG and A-SHG-SIM images of the red dashed box in (d), respectively; (g) and
(h) correspond to the intensity curves of the yellow dotted line in the red box in (b)—(c) and (e)—(f), the average FWHM values are

218 +3nm, 114 + 3nm, 148 + 3nm, and 88 + 3 nm, respectively.

set to 810 nm. The laser passed through a half-wave
plate (HWP, WPH05M-780, Thorlabs) and a po-
larization beamsplitter (PBS, CCM1-PBS251/M,
Thorlabs); therefore, the intensity of the laser could
be adjusted by the HWP. The PBS was placed after
the HWP to obtain a higher purity of polarized
light. Subsequently, the laser passed through the
HWP and electro-optical modulator (EOM,
EOM350, Conoptics). The HWP in front of the
EOM was adopted to improve the EOM modulation
efficiency. The laser then passed through a two-
dimensional (2D) Galvo Scanner (2D GS, Model
6210H, Cambridge Tech), scanning lens (AC508-
100-B, Thorlabs), tube lens (TL1l, TTL200MP,
Thorlabs), and objective lens (60x, NA 1.4 oil,
Nikon), and it was then focused on the sample
plane. The sample produced a second harmonic
signal at the laser focus position, and the SHG sig-
nal was collected by the objective lens and passed
through the tube lens (TL2, TTL200MP, Thor-
labs), dichroic mirror filter (DMLP490, Thorlabs),

narrow bandpass filter (ET405/10, Chroma), zoom
lens system (ZLS, NAVITAR), and finally reached
the area detector array (sCMOS ZYLA 4.2,
ANDOR). By turning reflector M2 in Fig. 4, the
imaging optical path can be switched to point de-
tector mode (PMT H7422-50, Hamamatsu).

Raster or snake-scanning mode is usually used for
single-point scanning imaging. Figure 5 shows the
scanning modalities for the raster and the snake. A
snake-scan is used in PS-AD to avoid the disturbing
signal excited in the return-scan path of the raster-
scan (as shown in the scan path diagram in
Fig. 5(b), bottom left, where the red dotted line
represents the return-scan path). PS-PD uses araster
scanning approach. This is because when using a
snake-scan approach for PS-PD imaging, it must be
ensured that each scan point on the return trip aligns
to the corresponding scan point on the return trip
during the scanning process; otherwise, the final
image was pixel-shifted, and the deflection accuracy
of our 2D-GS did not meet this requirement.
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Fig. 4. Single-point scanning SHG-SIM imaging system. HWP: Half-wave plate, PBS: Polarization beam splitter, M1, M2: Mirror
1, mirror 2, EOM: Electro-optical modulation, 2D-GS: Two-dimensional Galvo Scanner, TL1, TL2: Tube lens 1, tube lens 2, DM:
Dichroic mirror, OBJ: Objective lens, EM-F1, EM-F2: emission filter 1, emission filter 2, ZLS: Zoom lens system, PMT: Photo-
multiplier tube, and sCMOS: Scientific complementary metal oxide semiconductor.

In SHG-SIM, the EOM is synchronized with the
galvo scanners. The final raw SIM data can be
obtained after modulation, as shown in Fig. 6. Here,
we removed the disturbing signal excited in the re-
turn-scan path of the raster-scan.
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3. Results

The object field of view (FOV) was 34 x 34 ym?,
and the number of scanning points was 800 x 800
(i.e., the number of imaging pixels of PS-PD);
therefore, the imaging pixel size of PS-PD was
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Fig. 5. Scanning schematic diagrams of the snake and raster, (a) scanning method of the snake, and (b) scanning method of the

raster.
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Scanning schematic diagram of SIM employing the snake and raster modes: (a) Scanning process of SIM employing the

snake mode and (b) scanning process of SIM employing the raster mode.

42.5 nm. For PS-AD, the imaging FOV can be
changed by adjusting the zoom lens in front of the
area detector; the individual pixel size of the final
image was set to 21 nm in our experiment. The
excitation wavelength of the experiment was
810 nm; the NA of the objective lens was 1.4; The
dispersed nanoparticles of ZnO are imaged. The
emission wavelength is 405 nm. A super-resolution
image is reconstructured from 15 raw images for

SHG-SIM. For the PS-PD and PS-AD system, the

imaging speed is determined by the scanning speed.
Therefore, the differences in imaging speed of PS-
PD and PS-AD are nonsignificant. The acquisition
time of each raw sinusoidal structured SHG illu-
mination pattern was 2s, and the exposure time of
each excitation point in the sample is 12.5 us.
Figure 7 shows the microscopy imaging results of
the same area for P-SHG and A-SHG for the dis-
persed 50 nm ZnO particles. A-SHG has a higher
resolution and can distinguish the two clusters of

e 2 g 2
X o » o
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Fig. 7. Comparison of P-SHG and A-SHG of 50 nm ZnO nanoparticles; (a) ZnO nanoparticle images (bottom right: P-SHG; top
left: A-SHG); (b) and (c) are partially enlarged images of the yellow box in (a), and (d) and (e) for the red box in (a), respectively.
The results for P-SHG are displayed in (b) and (d). The results for A-SHG are displayed in (c) and (e). (f) is the normalized intensity
plot of the yellow line in (b) and (c), and (g) is that of the red line in (d) and (e).
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Comparison of P-SHG and P-SHG-SIM imaging ZnO nanoparticles; (a) ZnO nanoparticles imaging (bottom right: P-SHG;

top left: P-SHG-SIM); (b) and (c) are partially enlarged images of the yellow box in (a), and (d) and (e) for the red box in (a),
respectively. The results for P-SHG are displayed in (b) and (d). The results for P-SHG-SIM are displayed in (c) and (e). (f) is the
normalized intensity plot of the yellow line in (b) and (c), and (g) is that of the red line in (d) and (e).

ZnO particles, compared to P-SHG. The resolution
of A-SHG calculated from Fig. 7(f) is 1.45 times
higher than that of P-SHG, and the degree of res-
olution improvement is consistent with the value
calculated from the simulated imaging (1.47 times).
Therefore, both simulated imaging and experimen-
tal results validate the derivation of Egs. (4)
and (5). The residual sums of squares of the Fitting
P-SHG versus Fitting A-SHG Gaussian fit curves in
Figs. 7(f) and 7(g) were calculated to be (0.03352
versus 0.08017), and (0.00778 versus 0.05169), re-
spectively. The sum of squared residuals of P-SHG
is smaller than those of A-SHG, indicating that P-
SHG has a better fit and thus better signal conti-
nuity than A-SHG.

To obtain a higher fringe frequency while
obtaining a structured light modulation depth suf-
ficient to reconstruct the super-resolution images,
the periods of fringes were set to 292 nm based on
the experimentally measured imaging resolutions of
P-SHG and A-SHG. Therefore, according to the
equation of the resolution improvement multiplier
m = (ep +¢)/er(er < €), where e is the period of
fringes, it can be calculated that the resolution of
both P-SHG and A-SHG can be improved by 2.0
times and 1.7 times in theory, respectively. In the
experiment, the difference from linear SIM is that
because of the nonlinear effect in SHG-SIM imaging,

the high—frequenggl spectrum of (S iﬂxg Zex) for P-

SHG-SIM or (Sz.Sa.) for A-SHG-SIM that
exceeds the cut-off frequency (k, + k) of the linear
SIM is shifted into the OTF passband (—k.k.) and
passed through the imaging system and was thus
recorded by the detector. When reconstructed, the
high-frequency information components are shifted
back to the correct positions, resulting in the re-
quired super-resolution images.**

Figure 8 shows the comparison of P-SHG and P-
SHG-SIM. In Fig. 8(a), the P-SHG and P-SHG-SIM
results are displayed in the lower-right corner and
upper-left corner, respectively. The imaging resolu-
tion of P-SHG is 299 nm, and that of P-SHG-SIM is
145 nm. According to Fig. 8(g), P-SHG-SIM can
distinguish two clusters of ZnO particles 245 nm
apart, while P-SHG cannot.

Figure 9 shows the comparison of A-SHG and
A-SHG-SIM. In Fig. 9(a), the A-SHG and A-SHG-
SIM results are displayed in the lower-right corner
and upper-left corner, respectively. As shown in
Fig. 9(f), the FWHM of the A-SHG and A-SHG-
SIM curves are 206 nm and 108 nm, respectively.
Compared with A-SHG, A-SHG-SIM can distin-
guish two clusters of ZnO particles 141 nm apart.
Figures 8 and 9 are the results for imaging the same
area of the same sample with different imaging
modes.
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Comparison of A-SHG and A-SHG-SIM imaging ZnO nanoparticles. (a) ZnO nanoparticles imaging (top left: A-SHG;

bottom right: A-SHG-SIM); (b) and (c) partially enlarged images of the yellow box in (a), and (d) and (e) for the red box in (a). The
results for A-SHG are displayed in (b) and (d). The results for A-SHG-SIM are displayed in (c) and (e). (f) is the normalized
intensity plot of the yellow line in (b) and (c), and (g) is that of the red line in (d) and (e).

4. Discussion

Point-scanning SHG-SIM technique has the fol-
lowing advantages: (1) It can be performed on
existing SHG microscopes by simply inserting a
modulator between the laser and a commercial SHG
microscopy to modulate laser intensity; (2) It can be
used with excitation light intensity on the order of
conventional SHG microscopes; (3) The super-
resolution technique can be directly used in two
photon fluorescence microscopy without specific
fluorophores, and even in other coherent nonlinear
optical microscopes such as coherent anti-Stokes
Raman (CARS) and so on.

5. Conclusions

In this paper, we analyzed the distinction between
point detection and area detection modes in single-
point scanning imaging systems. The experimental
results are in agreement with the simulated imaging
results based on the derived equations. In SHG
imaging, P-SHG imaging provides better continuity
of detail, while A-SHG imaging provides a higher
resolution; therefore, both imaging modalities have
their own advantages. The combination of SIM with
P-SHG and A-SHG imaging techniques exploits the
light-slicing capability of SHG imaging to reduce
out-of-focus signals, and it exploits the nonlinear

excitation effect to obtain nonlinear structured
light, thus enabling nonlinear SIM. The final image
resolutions that were obtained experimentally, with
P-SHG-SIM and A-SHG-SIM had resolutions of
145nm and 108 nm, respectively. The P-SHG-SIM
and A-SHG-SIM imaging techniques can be applied
to the biological samples.

Moreover, P-SHG-SIM can be selected to achieve
a high resolution with better continuity of detail. As
far as we know, continuity is helpful for pathological
diagnosis. For example, when observing the patho-
logical tissue of canceration, we can evaluate
whether the tissue is invaded by cancer cells by
judging whether the collagen is broken or not. A-
SHG-SIM has a higher imaging resolution and dy-
namic range, which are beneficial for observing
more distribution details of biological tissue struc-
tures. However, the structured light projected onto
the sample in this experiment was limited by
PSFex. The higher the modulation frequency of the
structured light, the lower the weighting of the
high-frequency information in the final image, thus
making it more difficult to reconstruct the super-
resolution image, which also results in a lower
contrast in the final sample details.** Therefore, by
combining the third harmonic with SIM technology,
higher modulation frequencies of nonlinear struc-
tured light can be obtained with lower modulation
frequencies of structured light, leading to a higher
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weighting of the high-frequency information
obtained. Thus, there is a higher contrast and more
continuous detail in the reconstructed super-reso-
lution image. The scattering in samples will reduce
the signal-to-noise ratio of the fringes. When the
confocal optical path and more sensitive detectors,
such as Hybrid Photodetector (HPD), are used, the
scattering noise can be suppressed. To improve the
imaging speed, we expect the use of resonant scan-
ners or multifocal excitation schemes in the future.
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Appendix A

The following are the schematic diagrams of the
simulated imaging for PS-PD and PS-AD.

Figure A.1 shows a schematic diagram of imag-
ing a single-point laser-scan sample and convolving
it with PSFem. Figure A.2 shows a schematic dia-
gram of matrixed imaging for PS-PD. Figure A.3

PSF
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-

LEL
OO
o

(size 3 x 3) (size 9 x 1)

Blue, green, and orange dots in the object indicate that the sample is excited by a scanning laser, and each excited dot is

convolved with PSF to obtain the light intensity imaged on the detector. When each scanned and exciting point (that is, the element
of the matrix) is rearranged in the sample as a column vector, the three exciting points of blue, green, and orange dots are rearranged
to obtain the three column vectors of the left image; Conversion of the PSF element of the detection matrix into a row vector to

result in the row vector of 9 x 1 shown in the right figure.
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Fig. A.2.
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Spot scan-point detection imaging; the matrix of rearrangement of samples in Fig. A.2 is integrated into the object

matrix of m? x 9 multiplied by the row vector PSF to obtain the image of the row vector of m? x 1, and subsequently, it is

rearranged as an m X m image matrix.
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Fig. A.3. Point scan-area detection imaging; objects (4, j), (¢,7 + 2), and (p,q) in the figure indicate that the sample matrix is
rearranged when the scanning points are in different positions and multiplied by the row. The vector PSF gets the m x m row vector
and then rearranges the product row vector back to the m x m image (4, j), image (¢, j + 2), and image (p, ¢). Finally, all scans are

added to each image to obtain the IMAGE.

shows a schematic diagram of matrixed imaging for
PS-AD.
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