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Abstract: Indirect microalgae density measurement methods based on short-range optical detection have
increasingly attracted attention in the monitoring of marine microalgae cultivation, owing to their advantag-
es of non-contact, non-invasive operation and the absence of reagent requirements. This review systemati-
cally summarizes prevalent cell measurement strategies, encompassing benchmark methods (manual
counting and dry cell weight, DCW) and indirect optical approaches (optical sensing and image analysis).
The key characteristics and applicable conditions of each method are analyzed {rom four perspectives: de-
tection range, accuracy, environmental interference, and equipment dependence. In light of existing limi-
tations, the establishment of a standardized testing platform covering representative marine microalgae spe-
cies, gradient cell densities, and diverse illumination and imaging conditions is proposed, together with a
multidimensional, quantifiable, and reproducible evaluation framework. This work is expected to provide

systematic references and technical guidance for the selection of microalgae bioprocess monitoring sys-

tems, algorithm optimization, and the development of novel sensing paradigms.
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Fig.1 Schematic diagram of microalgae density detection methods under different scenarios
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Fig. 6 Quantum dot LED backlight-assisted method for microalgae density calculation and evaluation"”
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Tab.2 Comparison of key input variables required by different image-based detection methods for microalgal density inversion

Methods S

P Py,

env

Optimized composite de-

tecting indicator (OCDI)""

Microalgae image analyzer
(MATJA)™
Gaussian processing for
density estimation**"!
RGB &. grayscale analysis
under controlled illumina-

tion”

Results of image edge de-

tection

Digitized image (flatbed
scanner -+ computer)
Image data (OV5647 cam-

era)

RGB and grayscale images

(smartphone camera)

Background luminance &. color, in-
ter-species variation, focus/center-
ing deviation
Sample homogeneity, vessel materi-
al, ambient light
Non-uniform illumination, specular
reflection/refraction from vessel
Unstable lighting, photobioreactor
design &. material, species-specific

pigments

Target microalgae
(Nannochloropsis sp.

Chaetoceros sp. )
N/A

Microalgae concentra-

tion range

Specific pigment ab-

sorption characteristics
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Fig. 7 Machine learning-based analysis method for microalgae cell count'*™
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Tab.3 Performance comparison of optical detection methods for microalgal densit
P b Applicable P Maj Sampli
quipment re- icable retreat- ajor amplin
Method Type struc- d p- bp ) ! p ) & Accuracy
. quired range ment interferences condition
tive
Unstable light-
RGB &. ) ] R/G chan-
Smartphone ing, photobio-
Grayscale ) ] nels: R*=
. camera, fixed reactor design
analysis un-  Image ) ) ) 0. 95~
i No  mount, image N/A N/A &. Material, Real-time
der con- analysis . . 0.97;Gray-
: processing pigments, .
trolled illu- scale: R*=
o software chlorophyll
mination'”’ 0.96~0.97
change
Inter-batch het-
) 2D fluorome- o
2D Fluo- Optical erogeneity, in-
) ter, data pro- ) )
rescence  analysis & ) Direct ner filter ef- . ‘
] ) No  cessing com- N/A ) Real-time  R*=0.93
with VIP-  machine sampling  fect, fluores-
. ) puter, GNU
PLSR™ learning cence quench-
Octave ) )
ing, noise
Nannochlorop-
o ) sissp:3. 15X Background lu-
Optimized Uniform back- i R*Z>0.98
; ) o 105~7.88X10  Sample minance &.
composite light, imaging ) . accuracy=
) Image ) ) ‘cells/L. placed in  Color, micro- )
detecting i No  device, image i Real-time 96. 8%~
o analysis i Chaetoceros culture algae species,
indicator processing ter- 99.0%
N ) sp. :3. 12X bottle focus/center-
(ocpnY minal ) o
10°~6. 24 X 10 ing deviation
?cells/L
QD-LED, ar ) Ambient R?’>0.95
) E. marina: . .
) bitrary wave- light, inter- E. marina:
QD-based ) 6.5X 108 Sample ) )
o . Optical form genera- ) species varia- accuracy=
visible light ) ) cells/L placed in i .
- Communi- No tor, filter & tion, LED Real-time 97.0%
communi- ) I galbana: culture ) )
e cation Aperture, bandwidth lim- I. galbana:
cation ™ ) . 5.8X10? bottle o
mixed-signal itation, data accuracy=
) cells/L )
oscilloscope rate selection 97.0%

(EAH R Y J2 , 24 I Bk 28 G2 B X R o8 A gk
11 % TR A I A6 5 R AR /AR 5 T R AR I
B 885 2 7 ¥k B E B R 0T 50 58N T B

DCW 45 ZEfE T i AR 56, HOR & AR R A 5 50t
FELEI LS B, B R A2 A A I D' 2 R 0
TE B SR BE R T IR B R7>>0. 98, {H 5 #EATHE b



s ALY A S e e S L N
%7 ST , A« AT RO 2 G DN 7 R R v ) BF S O R 1079
BRI REBFEAFVNGEMEENLL
Tab.3 Performance comparison of optical detection methods for microalgal densit

P ki Applicable P Maj Sampli
uipment re- 1cable retreat~ ajor amplin
Method Type struc- a p~ kP ) ! p ) & Accuracy
. quired range ment interferences  condition
tive
. Immedi-
Microalgae Flatbed color Sample homoge-
) ate scan- . ‘
image ana-  Image scanner, com- . neity, vessel . R*= 0. 86~
i No N/A ning after . ~ Real-time
lyzer (MAI-  analysis puter, culture . material, ambi- 0.99
N homogeni- .
A vessel | ent light
zation
[llumination non-
uniformity/reflec-
Dual-camera, Sample |
) ) ) tion, low SNR at
Brightness  Optical LED, MAT-  0.03%~  placed ina . )
. ) No low concentra- Real-time =(. 8266
method™  analysis LAB-enabled 0.20% DCW 500 mL )
tions, unstable
computer flask
blue channel, am-
bient light
Particle size Spectropho- Sample di-
distribution . tometer, opti- lution, ho- Cell size, mea-
. Optical . . o )
correction s No cal micro- N/A mogeniza- surement wave-  Offline R*>0.98
analysis
with optical Y scope, bioreac- tion, blank length
density'*! tor control
QD optical QD-LED, Reception angle,
) ) ) Sample ) ) E. marina:
sensing with . photodiode, 2.0X10%~ ) LED chip, driv-
) Optical placedin | ) . =87%~93%
dynamic nu- . No  source meter, 9.6X10°cells/ ing voltage, mi- Real-time
) ~analysis ) culture bot- . L galbana:
merical cali- microalgae L croalgal species,
_ ) tle ) =90%~96%
bration"*’ container optical path
Raspberry P13 . .
Non-uniform illu-
. B+, OV5647 L
Gaussian . Sample  mination, refrac- Error=38. 6%
. camera, white- . )
processing . 1.05X 10"~ flowed tion from contain- +1.8%
. Image lined dark . .
for density ) No ) 4.23X10"  through a er, high con-  Real-time RMSE:
. analysis box, white .
estima- . cells/L transparent trast, uneven mi- 2.0540.29X
T LED strips, ) o )
tion '~ ) ] container croalgae distribu- 10%ells/mL
peristaltic .
tion
pump
Ambient light,
Spectrometer, o )
) ) ) Sample biofilm thick-
Reflectance | fiber optic Areal biomass )
) Optical . placed on a ness, water con- ) R*=0.81~
index spec- ) No probe, tung- density: 2. 45~ . Real-time
1y analysis _cotton car-  tent, pigment 0.97
troscopy sten-halogen ~ 72.66 g/m * ) . )
rier composition, bio-

light

film structure
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