=
@ nanomaterials ml\l)\l’y

Supplementary Information

Ultrabright Fluorescent Silica Nanoparticles for Dual pH and
Temperature Measurements

Saquib Ahmed M. A. Peerzade !, Nadezhda Makarova 2 and Igor Sokolov 123*

1 Department of Biomedical Engineering, Tufts University, Medford, MA 02155, USA;
Saquib.Peerzade@tufts.edu

2 Department of Mechanical Engineering, Tufts University, Medford, MA 02155, USA;
Nadezda.Makarova@tufts.edu

3 Department of Physics, Tufts University, Medford, MA 02155, USA

* Correspondence: igor.sokolov@tufts.edu; Tel.: +1 (617)-627-2548

1. Calculation of the Pearson Correlation Coefficient

The Pearson correlation coefficient is calculated separately for pH and temperature
dependencies. For example, this coefficient calculated for the dependence of pH, rZ
where, R is the ratio of fluorescence intensities at two wavelengths, is given by:

SZ
2 _ °pHR
"o = 5 s/ (S1)

where, Spr and Sr are standard deviations of pH and R respectively, and Sps, r is the co-
variance. The standard deviation of pH is given by,

pHyp
H — pH 2
Sy = Z (pH — pHmean) S2)
pHy fpH

where, pHiwn are the pH values used in the measurements (6.8, 6.3, 5.8, 5.3, 4.8 and 4.3),
PHmean is the mean of all the pH values and npi are the total number of the pH measure-
ments.

The standard deviation of R is given by,

2
PHp (T E —
S, — (ZTl (nT) R) (53)
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where, T1wn are the temperature values 25, 30, 35, 40 and 45 °C respectively used in the
calculation, nrare the total number of the temperature measurements and R is the aver-
age ratio across all pH (and temperatures) given by,

R= ﬁz Z (n—i) (S4)

The covariance of pHand R is given by,
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Similarly, the Person coefficient for the temperature function T(R) can be calculated.
The standard deviation of temperature (Sr) is given by,

Tn
T—-T, 2
ST — Z ( nmean) (56)
T, T

where, Tmean is the mean of all the temperature values.
The standard deviation of R is given by,
2
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where, R is the average ratio across all temperatures (and pH) given by,

Z > (an) (S8)

The covariance of T and R is given by,

n —_ Hp —_— —_
ST'RZZZ (T = Thnean) (ig: () -%) ©

2. Variance Formulae
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3. Calculating Error in Temperature and pH Measurements

Using the error propagation formula, the error in temperature T (Ry, Ry) is given by,

aT(Ry, Rpn )\ > IT(RT, Rpm) )
AT(Ry, Ry) = JGRPHZ (o) 4+ oRy? « (TR (s11)
AT(Rr,Rpy) = J Ry (At + 2BtRy + Ct+ DtRy)” + DE?Rpy0Ry?, (S12)

where, 6Rp and 6RpH are the standard deviations of 4 measurements of ratios Ry and
RpH respectively. Similarly, the error in pH (pH (Rt, Ryy)) is given by,

_ 2 OpH(RT, RpH) 2 2 (6pH(RT,RpH))2 13
ApH(Rr, Rpy) = \/O‘RPH *(—aRpH ) + ORT? x (===, (513)

ApH(Rr,Rpy) = J oRpu”(3ApHR,* + 2BpHR i + CpH + DpHRT)2 + DpH?R,u°oRr%. (S14)

Table S1. Ratios of fluorescence intensity at wavelengths of 525 and 537 nm (Rpn) and 581 and 611
nm (Rr) for measuring pH and temperature. Error represents the standard deviation of 4 measure-

ments.

Known T (°C) Known pH Rpu=1(525)/1(537) Rr =1(581)/1(611)
24.17 6.8 1.133 £ 0.001 2.138 +0.003
24.17 6.3 1.126 +0.003 2.109 + 0.006
24.17 5.8 1.113 £ 0.001 2.096 + 0.004
24.17 5.3 1.092 + 0.004 2.111 +0.006
24.17 4.8 1.063 £ 0.005 2.147 +0.022
24.17 43 1.043 +0.007 2.168 +0.004
29.63 6.8 1.138 + 0.002 2.091 £ 0.006
29.63 6.3 1.132 +0.002 2.067 +0.002
29.63 5.8 1.116 £ 0.001 2.044 +0.010
29.63 5.3 1.091 £ 0.002 2.080 +0.032
29.63 4.8 1.066 + 0.002 2.098 + 0.007
29.63 4.3 1.041 +0.003 2.103 +0.003
34.74 6.8 1.139 + 0.002 2.054 +0.006
34.74 6.3 1.132 £ 0.002 2.029 +0.013
34.74 5.8 1.117 £ 0.001 1.995 +0.010
34.74 5.3 1.093 + 0.004 2.012 £ 0.006
34.74 48 1.064 + 0.004 2.039+0.011
34.74 4.3 1.041 + 0.006 2.041 +0.007
39.77 6.8 1.143 + 0.002 2.015+0.012
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5.3
4.8
4.3
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5.8
5.3
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1.138 +0.003
1.122 £ 0.002
1.093 +0.001
1.066 + 0.002
1.040 + 0.002
1.144 + 0.002
1.139 + 0.001
1.123 + 0.001
1.092 +0.003
1.065 + 0.001
1.043 = 0.008

1.993 + 0.007
1.955 £+ 0.006
1.962 + 0.009
1.986 + 0.014
1.991 +0.017
1.976 + 0.008
1.952 + 0.004
1.916 + 0.004
1.920 + 0.017
1.936 + 0.009
1.934 +£0.015

Table S2. Temperature and standard deviation calculated using Equation (4) (considering pH
fixed). Both temperature and pH in the table headings are measured using standard tools (a ther-
mocouple and pH meter).

pH 6.8 6.3 5.8 5.3 4.8 43
T (°0)
24.17 232+02 246+07 247+05 247408 251+19 237+06
24.17 294+07 301+07 302+12 292418 296+08 298+05
24.17 341+08 343+18 352+11 345+03 355+10 35.6+1.1
24.17 395420 398+15 397407 395+11 406+12 405+19
24.17 442+10 443+05 440405 438+18 455+08 459+14

Table S3. pH and standard deviation calculated using Equation (5) (considering temperature fixed).
Both temperature and pH in the table headings are measured using standard tools (a thermocouple
and pH meter).

pH 6.8 6.3 5.8 5.3 4.8 4.3
T (°C)
24.17 651004 621007 581+0.04 537+0.07 4904008 4.46+022
29.63 6.64+0.07 637+0.05 584+004 532+004 490+003 433+0.11
34.74 6.67+0.10 635+0.07 582+002 528+006 4.80+0.06 4.260.13
39.77 6.77+0.08 654+011 590+004 523+001 4.77+0.05 4.190.07
44.8 6.80+0.10 652+0.07 590+0.02 515+0.10 4.70+0.04 4.19+0.19

4. Calculating the fluorescence brightness of the nanosensor
The brightness of particles relative to the dye (MESF units) as shown in Table 1 is

given by,
IFparticles b ¢ 1
N ti
Relative Brightness = 1 HImber o’ partees (515)
Dye
/Number of dye molecules
The QY of the particles is given by,
Il:Particles
_ ADye extracted from particles NParticles 2
(Dparticles =0 Dye IFDye nDyez (516)
ADye

where, ®p,ticles 1S the quantum yield of the particles, ®py, is the QY of dye, Nparticies
and npy. are the refractive index of solvent (water) into which the particles and dye were
added respectively.

QY of particles can also be calculated using the equation,
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Relative brightness in MESF units
Number of dye molecules per particle

) (S17)

cI)particles = Dye (

It should be noted that there is another well-known method of calculation of the flu-
orescent brightness. The brightness of the particles can be calculated as follows [1].

B = Eparticles(}\) X d)particleSr (518)

Table S4. FRET efficiency and distance between different dye molecules.

Number of dye Distance be-

FRET Effi-
Dye molecules molecules per tween dye Ro . !
. ciency
particle molecules
FITC & RB 563 + 30 53+0.1 5.5[2] 0.56 +0.02
RB & NB 2860 + 170 3.08 £ 0.06 5.4[3] 0.97 +0.004

5. Repeatability of pH and Temperature Measurements

Repeatability of the described sensors is shown in Figure S1. Fluorescent spectra from
nanosensors were measured at pH 7 for temperature 35 and 50 °C and similarly, at pH 4
for temperatures 35 and 50 °C for 4 cycles of temperature. Table below shows the ratios at
different pH and temperature. The error is defined as the standard deviation across fours
measurement cycles shown in Figure S1. One can see that the error to signal ratio is less
than 1%.

Table S5. Repeatability of the sensor ratios.

T (°C) pH 1(525nm)/1(537nm) 1(581nm)/I(611nm)
35 7 1.172 £ 0.002 2.323 £0.016
35 4 1.052 + 0.004 2.159 +0.018
50 7 1.181 +0.001 2.174 +0.007
50 4 1.050 + 0.006 1.969 +0.019
24 _ 24
2.2 : ’ ’ 2.2
2 2 o o} ® o
o 18 o 18
E .. Constant pH, different T %, ConstantpH, different T
14 1.4
12 o ° ° o 1.2
1 1 [ ] [ J e} [ d
05 1.5 25 35 0.5 1.5 2.5 3.5
Cycle Cycle
® 35C pH 7 1(525/537) ® 35C pH 7 I(581/611) 35C pH 4 I(581/611) 35C pH 4 1(525/537)
50C pH 7 1(581/611) 50C pH 7 1(525/537) @ 50C pH 4 1(525/537) ® 50C pH 4 1(581/611)
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Figure S1. Repeatability of measurements at (a,b) constant pH and different temperature and at (c,d) constant temperature
and different pH.
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6. Finding the Optimal Values of Wavelengths to Measure Temperature and Acidity
Simultaneously

Figure 52 shows the PCC for pH (Figure S2a) and SNR (Figure S2c) for pH for all the
wavelengths from 500-650 nm for PCC of pH greater than 0.7 and PCC of temperature
less than 0.5. Also, the PCC for temperature (Figure S2b) and SNR (Figure S2d) for pH for
all the wavelengths from 500-650 nm for PCC of temperature greater than 0.95 and PCC
of temperature less than 0.5. Since for the wavelength range 500-550nm the SNR for pH is
high when PCC for pH is greater than 0.7 and PCC for temperature is less than 0.5, PCC
and SNR for pH in this wavelength range is shown in Figure. 6c and e respectively. And
since for the wavelength range 560-650 nm the SNR for temperature is high when PCC
for temperature is greater than 0.95 and PCC for temperature is less than 0.5, PCC and
SNR for temperature in this wavelength range is shown in Figure 6d,f respectively.

. when, r2, >0.7 and r# <0.5 r? when, rZ >0.95 and r%, <0.5

100 1000
640
0.98 620 0.998
E 600
L 0.96 P - 0.996
. 580
[ =
QU
F094 g 560 - 0.994
©
= 540
092 0.992
520
0.90 500 0.990
525 550 575 600 625 650 500 525 550 575 600 625 650
Wavelength (nm) Wavelength (nm)

(a) (b)
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SNR pH when, r3, >0.7 and r? <0.5 SNR T when, r# >0.95 and r, <0.5
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Figure S2. (a) PCC of pH when PCC of pH is greater than 0.7 while PCC of temperature is less than 0.5, PCC of temperature
when PCC of temperature is greater than 0.95 while PCC of temperature is less than 0.5 and (b) SNR of pH when PCC of
pH is greater than 0.7 while PCC of temperature is less than 0.5, (c) PCC and (d) SNR of temperature when PCC of tem-

perature is greater than 0.95 while PCC of pH is less than 0.5.

7. Stability in Presence of Ions

Figure S3 shows differently the data presented in the main text in Figure. 3. The cur-
rent presentation might be more convenient for some readers.
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Figure S3. Temperature and pH response of nanosensors towards metal ions (ImM) K*, Ca?, Mg?*

and Na*.
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