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Abstract: We report a novel colorimetric sensing paradigm using multi-chromatic light 
from an RGB laser combined with a structural color sensor for fast, ultra-sensitive, and 
spatio-temporally resolved detection of surface biomolecules by human eye or 
smartphone. 
OCIS codes: (330.1730) Colorimetry; (330.1800) Vision - contrast sensitivity; (130.6010) Sensors; (330.0330)   
Vision, color, and visual optics

Colorimetric sensing is a simple and low-cost diagnostic technique which enables rapid spatiotemporally resolved 
sensing to be performed via the naked eye or portable smartphone camera. Two general types of colorimetric sensors 
exist: (1) sensors that perturb an illuminant power spectral density P(λ)→P(λ)' (i.e. fluorophore or quantum dot), and 
(2) ‘filter’ based structural color sensors which modify the filter function of an illuminated sensing object R(λ)→R(λ)'
(i.e. reflectance, absorption, etc.). Color perception can be mathematically expressed as a cross-correlation (Fig. 1)
between the spectral power distribution of an illuminant P(λ) and color matching functions 𝑥̅(𝜆), 𝑦((𝜆), 𝑜𝑟	𝑧̅(𝜆), which
represent the spectral sensitivity of each primary photoreceptor, weighed by the object filter function R(λ) [1]. In either
sensing configuration, the fundamental aim of a colorimetric sensor (e.g. biosensor) is to provide a large perceptible
color change, Δ𝐸!![2], per unit change in the sensor stimulus, e.g. the analyte surface adlayer thickness Δ𝜎.

Label free biosensors, for example, can be constructed from type 2 colorimetric sensors which wavelength shift 
an optical filter in response to the analyte. For such a device we introduce a colorimetric sensitivity: ΔE00/Δs = 
(ΔE00/Δλ)(Δλ/Δs) = S1S2. The naked eye perceptual detection limit is Δ𝐸!! ≈ 2.3,  also known as the “just noticeable 
difference” (JND). Considering the JND, the limit of detection (LOD) by the naked eye becomes: LOD ≡	Δs = 
2.3/(S1S2). Current colorimetric sensing techniques primarily focus on maximizing S2 by utilizing unique materials or 
physical phenomena which leads to amplified Δ𝜆. Porous silicon (pSi) for example has emerged as an attractive 
platform for biosensing because of its ability to offer one the highest S2 values of any photonic sensing platform owing 
to its large surface area and tunable pore dimensions [3]. However, current colorimetric sensing schemes remain 
restricted by low S1 values, thus not producing perceptible color change with low Δ𝜆. For example, a broadband  
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Figure 1. (A, B) Broadband illumination colorimetric sensing scheme with an optical filter (e.g. Lorentzian) with a 
wavelength shift and barely detectable color change (D, E) Hyperchromatic illumination with multi-laser (RGB) white 
light on a pSi thin film filter which shifts wavelengths and produces clearly perceptible color change (F) Chromaticity 
space color trajectories showing conventional sensors (I and II) with Q = 50 and 500 respectively, and example 
hyperchromatic sensors (III and IV) respectively. A spectral shift 𝛥𝜆 = 10 nm (from 575 nm) is modelled for (I, II, and 
III) while a shift 𝛥𝜆 = 1 nm is modelled for (IV).
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ill u mi n ati o n of a n arr o w 
b a n d  str u ct ur al  c ol or 
filt er o nl y  a c hi e v e s 
Δ E 0 0 / Δ λ ~  1  n m -1 . 
N arr o w  b a n d 
ill u mi n ati o n  is a n ot h er  
a p pr o a c h  t o a m plif y  
Δ E 0 0 / Δ λ a n d  i m pr o v e 
t h e L O D, h o w e v er s u c h 
s e ns ors  o nl y  utili z e  t h e 
l u mi n a n c e  v ari ati o ns i n 
Δ Y dir e cti o n  [ 4-5]  a n d 
i g n or es t h e Δ x a n d Δ y  i n 
t h e CI E  x y Y  3 D  c ol or 
s p a c e  Δ E x y Y = √( C 1 Δ x 2 +  
C 2 Δ y 2 +  C 3 Δ Y 2 ). I n o ur 
w or k ,  w e  i ntr o d u c e  a 
s e nsi n g  t e c h ni q u e c all e d  
“ h y p er c hr o m ati c 
str u ct ur al  c ol or ”  ( H S C), 
w hi c h  e m pl o ys 
m et a m eri c  w hit e  li g ht 
fr o m a m ulti c ol or ( R G B) 
l as er i n c o m bi n ati o n of a 
si m pl e p Si t hi n fil m r efr a cti v e i n d e x s e ns or ( Fi g. 1, b ott o m r o w).  H S C  e n a bl es t h e or eti c all y u n b o u n d e d a m plifi c ati o n 
of S 1  a n d si g nifi c a ntl y e n h a n c e d c ol or r es p o ns e as s h o w n i n si m ul ati o ns Fi g. 1 F.   

W e r e c e ntl y d e m o nstr at e d H S C b as e d c ol ori m etri c s e nsi n g usi n g m ulti -c hr o m ati c ill u mi n ati o n of str u ct ur al c ol or 
s e ns ors b as e d o n m es o p or o us sili c o n t hi n-fil ms[ 6]. Aft er p or o us t hi n-fil m s y nt h esis a n d s urf a c e o xi d ati o n, a n R G B 
l as er is us e d as t h e ill u mi n a nt, w hil e  t h e c ol or c h a n g e i n r es p o ns e t o r efr a cti v e i n d e x v ari ati o ns a n d/ or s m all m ol e c ul e 
att a c h m e nt is c h ar a ct eri z e d vi a a s m art p h o n e c a m er a (i P h o n e 6). T h e i niti al c ol or of t h e s e ns or c a n b e s w e pt a cr oss a 
tr aj e ct or y vi a tr a nsi e nt v a p or d e p ositi o n usi n g si m pl e h u m a n br e at h or a n e b uli z er. T his d y n a mi c v ari ati o n i n  r efr a cti v e 
i n d e x all o ws t h e s a m pl e t o c r oss a p er c e pt u al e n h a n c e m e nt p oi nt ( P E P) w h er e  t h e p er c e pt u al  s e nsiti vit y is si g nifi c a ntl y 
e n h a n c e d (i. e. > 2 -2 0 x ). Fi g ur e 2(i v)  s h o ws e n h a n c e d n a k e d e y e d et e cti o n of i m m o bili z e d s u b -m o n ol a y er 3 -A P T E S 
w h e n a s a m pl e cr oss es t h e P E P  ( Fi g. 2(i v) –  ri g ht), w h er e as  it w as u n d et e ct a bl e i niti all y ( Fi g. 2(i v) –  l eft). I n Fi g. 2(ii) 
a n d  2(iii)  w e  f urt h er d e m o nstr at e s p ati all y  r es ol v e d s e nsi n g  of  s m all  m ol e c ul e  att a c h m e nt  a n d  s p e cifi c  s urf a c e  
f u n cti o n ali z ati o n. T his  i m a g e  s h o ws i m m o bili z e d s ulf o-N H S -Bi oti n  ( A + B + C) p arti all y  o v erl a p pi n g  a  3 -A P T E S  
( A + B) a cti v at e d  r e gi o n o n t o p of a s e ns or  ( A). Fi g. 2(iii) ill ustr at es a CI E m a p of t h e p er c e pt u al c ol or diff er e n c e Δ E 0 0 . 
T h e l ar g e Δ E 0 0  ~  6 0 is si g nifi c a ntl y  gr e at er t h a n t h e J N D = 2. 3  li mit, w hi c h c o nfir ms t h e hi g h s e nsiti vit y of t h e H S C 
t e c h ni q u e. 

I n  s u m m ar y,  w e  s u c c essf ull y  d e m o nstr at e  a  n o v el  c ol ori m etri c  s e nsi n g  t e c h ni q u e  t h at  o v er c o m es  c urr e nt 
c ol ori m etri c  s e ns or  li mit ati o ns  b y  a c hi e vi n g  ar bitr aril y  e n h a n c e d  s e nsiti vit y  vi a  str u ct ur al  filt er  d esi g n  t h at  c a n  b e 
f urt h er a m plifi e d vi a t h e p er c e pt u al e n h a n c e m e nts a v ail a bl e i n t h e c hr o m ati cit y s p a c e. I n c o m bi n ati o n t o t h e hi g h 
w a v el e n gt h s e nsiti vit y of p or o us sili c o n, t his pl atf or m off ers a n e w b e n c h m ar k f or p er c e pt u al c ol or c h a n g e t o s m all 
m ol e c ul e att a c h m e nts t h at c a n b e s p ati ot e m p or all y r es ol v e d us i n g n a k e d e y e or s m art p h o n e c a m er a. 
A c k n o wl e d g e m e nts: T his w or k w as s u p p ort e d b y N ati o n al S ci e n c e F o u n d ati o n ( N S F) A w ar d 1 8 2 5 7 8 7 .    

 

[ 1] J. E. G ar ci a, M. B. Gir ar d, M. K a s u m o vi c, a n d P. P et er s e n, “ Diff er e nti ati n g Bi ol o gi c al C ol o ur s wit h F e w a n d M a n y S e n s or s : S p e ctr al 
R e c o n str u cti o n wit h R G B a n d H y p er s p e ctr al C a m er a s, ” n o. 1, p p. 1 – 3 1, 2 0 1 5.  

[ 2] M. H a b e k o st, “ W hi c h c ol or diff er e n ci n g e q u ati o n s h o ul d b e u s e d ?, ” I nt. Cir c. G r a p h. E d u c. R e s., v ol. 6, n o. 6, 2 0 1 3.  
[ 3] N. M a s s a d -i v a nir, E. S e g al, a n d S. W ei s s, “ P or o u s Sili c o n-B a s e d P h ot o ni c Bi o s e n s or s: C urr e nt St at u s a n d E m er gi n g A p pli c ati o n s, ” 

A n al. C h e m. , v ol. 9 1, p p. 4 4 1– 4 6 7, 2 0 1 9.  
[ 4] A. A. Y a ni k et al. , “ S e ei n g pr ot ei n m o n ol a y er s wit h n a k e d e y e t hr ou g h pl a s m o ni c F a n o r e s o n a n c e s, ” P r o c. N atl. A c a d. S ci. , v ol. 1 0 8, 

n o. 2 9, p p. 1 1 7 8 4 – 1 1 7 8 9, 2 0 1 1.  
[ 5] T. C a o, Y. Z h a o, C. A. N att o o, R. L a y o u ni, a n d S. M. W ei s s, “ A s m art p h o n e bi o s e n s or b a s e d o n a n al y si n g str u ct ur al c ol o ur of p or o u s 

sili c o n, ” A n al y st , v ol. 1 4 4, n o. 1 3, p p. 3 9 4 2 – 3 9 4 8, 2 0 1 9.  
[ 6] T. H. T al u k d ar, B. M c C o y, S. K. Ti m mi n s, T. K h a n, a n d J. D. R y c k m a n, “ H y p er c hr o m ati c str u ct ur al c ol or f or p er c e pt u all y e n h a n c e d 

s e n si n g b y t h e n a k e d e y e, ” P r o c. N atl. A c a d. S ci. , p. 2 0 2 0 0 9 1 6 2, N o v. 2 0 2 0.  

S o ur c e: 
M et a m eri c w hit e li g ht

( R G B l a s er)

D et e cti o n: 
N a k e d e y e or 
vi si bl e c a m er a

a n al yt e

i)

ii)

0

2 0

4 0

6 0

Δ E 0 0

iii)

A + B

A + B + C

A

H S C ( R G B l a s er)

I niti al

i v)

N e ar P E P

Sa
m
pl

e 
1

Sa
m
pl

e 
2

Fi g ur e 2. ( i) E x p eri m e nt al s c h e m e (ii) C ol or tr aj e ct or y of t h e s a m pl e s u bj e ct e d t o tr a nsi e nt v a p or 
d e p ositi o n/ e v a p or ati o n a n d  o bs er v e d c ol or d u e t o s m all m ol e c ul e att a c h m e nt st e ps. (iii) C a m er a 
i m a g e of t h e H S C s e ns or aft er l o c al s urf a c e f u n cti o n ali z ati o n. A = o xi di z e d p Si s urf a c e, B = 3-
A P T E S a n d C = S ulf o -N H S -Bi oti n . (i v) 2 s a m pl es i niti all y (l eft) a n d n e ar P E P (ri g ht) hi g hli g hti n g 
t h e p er c e pt u al e n h a n c e m e nt t hr o u g h t h e cl e arl y visi bl e s p ot w h e n cr os si n g a P E P  w hi c h is a k e y 
hi g hli g ht of o ur t e c h ni q u e . 
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