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Abstract 12 
 13 
Growth curve measurements are commonly used in microbiology, while the use of microplate 14 
readers for such measurements provides better temporal resolution and higher throughput. 15 
However, evaluating bacterial growth with microplate readers has been hurdled by barriers such 16 
as multiple scattering. Here, we report our development of a method based on the time 17 
derivatives of the optical density (OD) and/or fluorescence (FL) of bacterial cultures to 18 
overcome these barriers. First, we illustrated our method using quantitative models and 19 
numerical simulations, which predicted the number of bacteria and the number of fluorescent 20 
proteins in time as well as their time derivatives. Then, we systematically investigated how the 21 
time derivatives depend on the parameters in the models/simulations, providing a framework for 22 
understanding the FL growth curves. In addition, as a demonstration, we applied our method to 23 
study the lag time elongation of bacteria subjected to treatment with silver (Ag+) ions and found 24 
that the results from our method corroborated well with that from growth curve fitting by the 25 
Gompertz model that has been commonly used in the literature. Furthermore, this method was 26 
applied to the growth of bacteria in the presence of silver nanoparticles (AgNPs) at various 27 
concentrations, where the OD curve measurements failed. We showed that our method allowed 28 
us to successfully extract the growth behavior of the bacteria from the FL measurements and 29 
understand how the growth was affected by the AgNPs. 30 
 31 
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Introduction 34 
 35 
Growth curve measurement based on optical density (OD) is one of the most commonly used 36 
methods in microbiology for monitoring the growth and proliferation of microbes in time, which 37 
provides a simple, reliable and routine way to understand various aspects of the microbes (1-4). 38 
For example, it has been used to routinely determine the growth of bacteria and other microbes 39 
treated with antibiotic drugs and substances (5-9), to study the responses of microbes to various 40 
environmental changes and stresses (10-12), and to monitor the accumulation of biomass during 41 
fermentation (13-15). Traditionally, the growth curve measurements are performed by measuring 42 
the OD of the bacteria, which is related to the cell number, in cuvettes at the wavelength of 600 43 
nm using photometry at desired time points with intervals of 30-60 min (3, 4). Recent versions 44 
take advantages of automation and parallel measurements to achieve better temporal resolution 45 
and higher throughput. For example, turbidostats (or chemostats or morbidostats) have been 46 
developed and used for this purpose (16-18). In addition, microplate readers with 96- or 384-well 47 
plates have been increasingly useful for monitoring the growth of microbes (19) and 48 
investigating the antimicrobial activity and mechanism of various drugs and substances. For 49 
example, microplate readers have been used to screen several thousand of E. coli mutants with 50 
single-gene deletions and provide detailed insight into how the bacteria respond to different 51 
silver nanoparticles (AgNPs) (20, 21). In addition to better temporal resolution and higher 52 
throughput, another advantage of the microplate readers is that they usually support multimode 53 
measurements, providing a convenient way to monitor fluorescence (FL) simultaneously with the 54 
OD (22, 23). 55 
 56 
Despite the increasing usefulness, quantitative applications of microplate readers for monitoring 57 
microbial growth have been hurdled by several barriers and issues. First, multiple scattering of 58 
microbes is usually severe and problematic in microplate reader-based OD measurements, as 59 
microplate readers have been predominantly used at higher culture densities (2). As an example, 60 
a representative OD curve of an E. coli culture from a 96-well microplate reader is shown in Fig. 61 
1A (black circles), where multiple scattering resulted in deviations from traditional sigmoid (or 62 
S-shaped) curves from cuvette-based measurements. The deviations lead to failures when fitting 63 
the growth curve by sigmoid models (e.g., the Gompertz model) (24). This issue could be 64 
potentially solved by well-designed, sophisticated calibrations using particles of different sizes at 65 
different concentrations (2); however, such sophisticated calibrations require considerable 66 
efforts. Another possible solution is to make use of the time derivative of the OD curve, which 67 
has been attempted previously (25); however, systematic studies remain missing, and it is 68 
unclear how the time derivative of the OD links to the bacterial growth parameters. Another 69 
important issue is that, in certain studies where the responses of microbes to reagents are 70 
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investigated, the reagents of interest may contribute significantly to the scattering or absorption 71 
at the wavelength where the OD is measured and thus distort the OD curve. For example, adding 72 
polyvinylpyrrolidone (PVP)-coated cubic AgNPs to a bacterial culture not only vertically shifted 73 
the OD curve but also introduced elusive features, such as an additional peak, to the OD curve 74 
(Fig. 1B). These issues might be partially resolved by using FL reporter in the microbes, 75 
assuming the reagents of interest do not interfere with the FL reporters. However, it remains 76 
unclear how the FL curves (Fig. 1A, green squares) report the bacterial growth behaviors, such 77 
as the lag time and growth rate. 78 
 79 

 
Figure 1. Barriers for quantitative monitoring of the growth of bacteria using microplate readers. 
(A) Representative curves of optical density (OD – black circles) and fluorescence (FL – green 
squares) of bacterial culture measured with a multimode 96-well microplate reader. Multiple 
scattering is significant in microplate-reader measurements, resulting in deviations of the OD 
growth curves from traditional cuvette-based measurements, leading to failures in fitting the 
growth curve by sigmoid models (such as the Gompertz model, red dashed line). The fluorescent 
growth curve of the same bacterial culture, which does not show the standard sigmoid shape, is 
much less studied. (B) Representative OD curves of bacteria measured with a multimode 96-well 
microplate reader in the absence (black circles) and presence (blue squares) of AgNPs. The 
AgNPs in the bacterial culture scatter light and interact with growth media and/or bacteria, 
causing not only a vertical shift in the OD measurements but also elusive features (e.g., a high 
peak at short time) in the OD growth curve. Error bars (smaller than the symbols) stand for the 
standard error of the mean. 
 80 
In this work, we developed a method for evaluating the growth of bacteria measured with 81 
multimode microplate readers. This method is based on the time derivatives of the OD and/or FL 82 
of the bacteria. Using quantitative models predicting the cell number and the number of 83 
fluorescent proteins as functions of time, we characterized the dependence of the first-order time 84 
derivative of OD and the second-order time derivative of FL on various parameters of the 85 
models, which are related to the commonly used lag time 𝜆 and maximum specific growth rate 𝜇 86 
in growth curves of microbes. The current method is consistent with traditional mathematical 87 
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fittings of sigmoid growth curves; more importantly, it provides a better way for interpreting OD 88 
growth curves when the growth curve does not follow the well-established sigmoid shape due to 89 
multiple scattering. In addition, our method provides a framework for understanding the FL 90 
growth curves and for extracting the growth properties of bacteria from the FL measurements. 91 
The framework is especially useful when other components in the bacterial culture significantly 92 
contribute to the scattering and absorption (and therefore the OD). We demonstrated our method 93 
by applying it to the investigation of the lag time elongation observed in bacteria subjected to 94 
treatment with silver (Ag+) ions. We observed that the results from our method corroborated very 95 
well with the traditional mathematical fittings of the OD curves. In addition, the current method 96 
was applied to the growth of bacteria in the presence of AgNPs at various concentrations, where 97 
the traditional growth measurements failed due to the high scattering, high absorption, and other 98 
interfering processes of the AgNPs. Our method allowed us to successfully extract the growth 99 
behavior of the bacteria from the FL measurements and understand how the growth was affected 100 
by the AgNPs. 101 
 102 
Materials and Methods 103 
 104 
Models for the bacterial growth and expression of green fluorescent proteins 105 
 106 
To predict the time derivatives of the cell number of and the number of fluorescent proteins in 107 
bacteria, we adopted simple models from the literature for the bacterial growth and GFP 108 
expression (26-28). Following Juska et al. (27), we assume the bacteria in a dormant non-109 
dividing state could be “activated” into an active dividing state (Fig. 2A), for which we can write 110 
down the equations for the numbers of dormant bacteria (𝑛𝐷) and active bacteria (𝑛𝐴), 111 

𝑑𝑛𝐷

𝑑𝑡
= −𝛼 𝑛𝐷 ,      (1) 112 

𝑑𝑛𝐴

𝑑𝑡
= +𝛼 𝑛𝐷 + 𝑘0 (1 −

𝑛𝐴

𝑁
) 𝑛𝐴 ,    (2) 113 

where 𝛼 is the activation rate, 𝑘0 is the maximum growth rate with unlimited nutrients, and 𝑁 is 114 
the maximum possible number of bacteria for a given limited amount of nutrients and resources. 115 
The total number of the bacteria, 𝑛 = 𝑛𝐷 + 𝑛𝐴, is related to the OD of the bacterial culture (4). 116 
Following Leveau et al. (26), we model that the active bacteria grow and express green 117 
fluorescent proteins (GFP) with a generation rate of 𝑔 (Fig. 2B) and that the newly expressed 118 
GFP are non-fluorescent as maturation (with a maturation rate of 𝑘𝑚) is needed for the GFP to 119 
be fluorescent (Fig. 2B). Both the non-fluorescent (GFPn) and fluorescent GFP (GFPf) degrade 120 
with a degradation rate of 𝛾  (Fig. 2B). Therefore, we have the following equations for the 121 
numbers of non-fluorescent and fluorescent GFP proteins (𝑝𝑛 and 𝑝𝑓, respectively): 122 
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𝑑𝑝𝑛

𝑑𝑡
=  𝑔𝑛𝐴 −  𝑘𝑚𝑝𝑛 −

𝛾𝑝𝑛

𝑝𝑛+𝑝𝑓+𝑀
     (3) 123 

 
𝑑𝑝𝑓

𝑑𝑡
= 𝑘𝑚𝑝𝑛 −

𝛾𝑝𝑓

𝑝𝑛+𝑝𝑓+𝑀
     (4) 124 

Note that we have assumed that the bacteria degrade both types of GFP molecules at the same 125 
rate and with the same degradation capacity 𝑀 (26). It is also worthwhile to point out that the 126 
number of bacteria (𝑛, 𝑛𝐷, 𝑛𝐴, and 𝑁), the number of proteins (𝑝𝑛 and 𝑝𝑓), and the degradation 127 
capacity (𝑀) are dimensionless (i.e., unitless), while all the rates (𝛼, 𝑘0, 𝑔, 𝑘𝑚, and 𝛾) have the 128 
unit of 1/time (or, more specifically in this work, hr-1). 129 
 130 
We solved equations (1) – (4) numerically using the SciPy Python library (29), given the 131 
parameters of the models (𝛼, 𝑘0, 𝑁, 𝑔, 𝑘𝑚, 𝛾 and 𝑀) and the initial conditions (𝑛𝐷, 𝑛𝐴, 𝑝𝑛, and 132 
𝑝𝑓 at 𝑡 = 0), and simulated the total cell number (𝑛) and the number of GFPf (𝑝𝑓) as functions of 133 
time (𝑡). For simplicity, we assumed in the simulations that all the bacteria in a culture started 134 
with the dormant state, with an initial number of 0.05𝑁, and GFP proteins were not present 135 
initially, i.e., 𝑛𝐷(0) = 0.05𝑁, 𝑛𝐴(0) = 0, 𝑝𝑛(0) = 0, and 𝑝𝑓(0) = 0. The time derivatives were 136 

then calculated numerically by d𝑛

d𝑡
|

𝑡𝑖

=
𝑛(𝑡𝑖+1)−𝑛(𝑡𝑖)

𝑡𝑖+1−𝑡𝑖
, d𝑝𝑓

d𝑡
|

𝑡𝑖

=
𝑝𝑓(𝑡𝑖+1)−𝑝𝑓(𝑡𝑖)

𝑡𝑖+1−𝑡𝑖
, and d2𝑝𝑓

d𝑡2 |
𝑡𝑖

=137 

d𝑝𝑓

d𝑡
|
𝑡𝑖+1

−
d𝑝𝑓

d𝑡
|
𝑡𝑖

𝑡𝑖+1−𝑡𝑖
 . 138 

 139 
Preparation of Ag+ solutions 140 
 141 
Solutions of Ag+ ions were prepared from AgNO3 salt (Alfa Aesar), which was dissolved in 142 
autoclaved ultrapure water (> 17.5 MΩ) to reach a stock concentration of 100 mM (30). The 143 
concentration of Ag+ ions in the aqueous stock was measured and confirmed using inductively-144 
coupled plasma mass spectrometry (Thermo Scientific iCAP Q ICP-MS) and a portable silver 145 
photometer (Hanna Instruments, MI). The stock solutions were aliquoted, shielded from light by 146 
aluminum foils, and stored at 4 °C for later use within three weeks. The concentrations of Ag+ 147 
ions in the aliquots was confirmed each time before use for experiments by the portable silver 148 
photometer. 149 
 150 
Synthesis of AgNPs 151 
 152 
AgNPs were synthesized via polyol reduction method as described previously (30, 31). Briefly, 153 
50 mL of ethylene glycol (EG, J.T. Baker) was added to a 250-mL 3-neck round bottom flask 154 
and heated to 150 °C in an oil bath, following by adding 0.6 mL of 3 mM NaHS (Alfa Aesar) in 155 
EG, 5 mL of 3 mM HCl (Alfa Aesar) in EG, 12 mL of 0.25 g polyvinylpyrrolidone (PVP, MW 156 
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~55,000, Sigma-Aldrich) in EG, and 4 mL of 282 mM CH3COOAg (Alfa Aesar). The reaction 157 
proceeded at 150 °C for ~1 h until the absorbance peak position of reaction mixture reached 158 
~430 nm measured by UV-vis spectrometer. The reaction was then quenched by placing the 159 
flask in the ice bath. Acetone was added to the mixture at 5:1 volume ratio and the product was 160 
collected by centrifugation. The resultant PVP-coated cubic AgNPs were purified using water, 161 
collected by centrifugation, and re-suspended in water for future use. 162 
 163 
Bacterial strain and growth 164 
 165 
An E. coli K-12 strain (MG1655) transformed with a high-copy number plasmid (with a pBR322 166 
origin) encoding enhanced GFP (EGFP) and ampicillin resistance (7) was used in this study. The 167 
sequence map of the segment of the plasmid for the enhanced GFP and ampicillin is shown in 168 
Fig. S1. The bacteria were grown at 37°C overnight in 6 mL Luria Broth (LB) medium 169 
supplemented with ampicillin in a shaking incubator at 250 rpm. On the second day, the 170 
overnight culture was diluted into fresh LB medium to reach OD = 0.05 (at 600 nm). Then Ag+ 171 
ions or AgNPs were added to the fresh culture at desired final concentrations and mixed well 172 
before aliquoting to the 96-well clear bottom microplate for measurements with a microplate 173 
reader. The final concentration of Ag+ ions was 40 µg/mL, while the final concentrations of 174 
AgNPs were 20, 40, 60, and 80 µg/mL. The fresh culture without adding Ag+ ions or AgNPs 175 
(i.e., 0 µg/mL) was used as the negative control. Note that the enhanced GFP proteins were 176 
expressed continuously with a constitutive T7 promoter; therefore, induction was not needed nor 177 
used in this study. 178 
 179 
Bacterial growth curve measurements with a microplate reader 180 
 181 
For the growth curve measurements with a microplate reader, 96-well clear bottom microplates 182 
(Corning Incorporated, NY) were first sterilized by incubating the wells with 200 proof ethanol 183 
for 5 mins. After pouring off the ethanol, the microplates were exposed to UV light at 254 nm for 184 
15 mins. To avoid water condensation on the microplate lids during the measurements, the lids 185 
were coated with Triton X-100. Briefly, 4 mL of 0.05% Triton X-100 in 20% ethanol was added 186 
to each microplate lid and incubated at room temperature for 15 s, followed by pouring off the 187 
Triton solution (32). The microplates were air dried before the measurements. 188 
 189 
To measure the growth of bacteria, 200 µL of the prepared bacterial cultures (with or without 190 
Ag+ ions or AgNPs) were transferred to the microplate wells. The microplates were covered with 191 
the pre-processed lids and placed in a microplate reader (BioTek Synergy H1M) to monitor the 192 
OD at 600 nm and the FL (excitation = 488 nm, emission = 525 nm) of the bacteria in the wells. 193 
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Note that, to compensate the different beam path length other than the standard 1 cm, the OD 194 
values measured from the microplate reader were corrected by multiplying the raw values by 195 
2.39, a pre-calibrated factor by a photometer (Implen Inc. CA). The plates were maintained at 196 
37°C and rotated at 355 rpm. The OD and FL of each well were read every 10 mins for 16 hours. 197 
The mean and standard error of the mean (SEM) for each sample were calculated for each time 198 
point, followed by Hanning smoothing (with a window size of 11-15 data points) to reduce 199 

noises. Lastly, the time derivatives of the OD and FL were estimated numerically using ΔOD

Δ𝑡
|

𝑖
=200 

𝑂𝐷𝑖+1−𝑂𝐷𝑖

Δ𝑡
,  ΔFL

Δt
|

𝑖
=

𝐹𝐿𝑖+1−𝐹𝐿𝑖

Δ𝑡
, and Δ

2𝐹𝐿

Δ𝑡2 |
𝑖

=

ΔFL

Δt
|
𝑖+1

−
ΔFL

Δt
|
𝑖

Δ𝑡
. 201 

 202 
Results 203 
 204 
Model-based prediction of time derivatives of bacterial growth and fluorescence 205 
 206 
To predict the time derivatives of the cell number of and the number of fluorescent GFP in a 207 
bacterial culture, we adopted two simple models (26, 27) described in the “Methods and 208 
Materials” for the bacterial growth and GFP expression, as illustrated in Fig. 2A and 2B. The 209 
bacterial growth model (equations 1 and 2) with three parameters (the activation rate 𝛼, the 210 
maximum growth rate 𝑘0 , and the maximum possible bacterial number in a culture 𝑁 ) 211 
successfully produced the classical sigmoid growth curve (Fig. 2C, blue solid line, with 𝛼 = 1 212 
hr-1, 𝑘0 = 1 hr-1, and 𝑁 = 2 × 109). In addition, the GFP expression model (equations 3 and 4) 213 
with four parameters (the generation rate 𝑔, the maturation rate 𝑘𝑚, the degradation rate 𝛾, and 214 
the degradation capacity 𝑀) predicted that the fluorescence of a bacterial culture kept increasing 215 
without reaching plateaus (Fig. 2C, green dashed line, with 𝑔 = 100 hr-1, 𝑘𝑚=1.5 hr-1, 𝛾 = 500 216 
hr-1, and 𝑀 = 2 × 1011 ), resembling well with the experimental measurements from a 217 
microplate reader (Fig. 1A, green squares). Note that, while reasonable values from the literature 218 
(7, 24, 26, 27) were used for the parameters in this example, detailed studies by varying the 219 
model parameters were performed in the sections below. 220 
 221 
From the simulated curves of 𝑛(𝑡)  and 𝑝𝑓(𝑡) , we then examined their time derivatives 222 
numerically. The first-order time derivative of the cell number (𝑑𝑛/𝑑𝑡) showed a bell-shaped 223 
peak (Fig. 2D, orange dotted line), while the first-order time derivative of the number of GFPf 224 
(𝑑𝑝𝑓/𝑑𝑡) showed a sigmoid shape (Fig. 2E, purple dotted line), similar to the curve of 𝑛(𝑡) (Fig. 225 
2C, blue solid line) and suggesting the possibility of using the fluorescence to report the growth 226 
of the bacteria. In addition, the second-order time derivative (𝑑2𝑝𝑓/𝑑𝑡2) showed a bell-shaped 227 
peak (Fig. 2E, red dash-dotted line) and appeared very similar to 𝑑𝑛/𝑑𝑡. We note that there is a 228 
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small horizontal shift between the two peaks (Fig. 2F), which was further investigated in more 229 
details as shown below. 230 
 231 

 
Figure 2. Quantitative models and predictions for the cell number 𝑛  and the number of 
expressed and matured fluorescent proteins 𝑝𝑓. (A) Sketch of the model for bacterial growth and 
proliferation: a bacterium recovers from a dormant state to an active reproduction state with an 
activation rate of 𝛼, while activated bacteria grow and reproduce at a maximum growth rate of 
𝑘0. (B) Sketch of the model for the expression, maturation, and degradation of green fluorescent 
protein (GFP). Non-fluorescent GFP proteins (GFPn), expressed in bacteria with a generation 
rate of 𝑔, will mature into fluorescent ones (GFPf) with a maturation rate of 𝑘𝑚. Both GFPn and 
GFPf are degraded in bacteria, with a degradation rate of 𝛾. (C-F) Predictions from the models in 
panels A and B (and Eqs. 1 – 4) for the cell number (𝑛), number of GFPf (𝑝𝑓), and their time 
derivatives (𝑑𝑛/𝑑𝑡, 𝑑𝑝𝑓/𝑑𝑡, and 𝑑2𝑝𝑓/𝑑𝑡2) as functions of growth time. 
 232 
Dependence of time derivatives on the activation rate 𝜶 233 
 234 
As the activation rate describes how quickly the dormant bacteria transit into the growing, 235 
dividing, active ones, it influences the time a bacterial culture takes to adjust to the environment, 236 
and thus determines the lag time of the bacterial growth (27). Therefore, it is expected that a 237 
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higher activation rate results in shorter lag time and thus a lower location of the peaks of the time 238 
derivatives (i.e., 𝑑𝑛/𝑑𝑡 and 𝑑2𝑝𝑓/𝑑𝑡2). To quantitatively estimate the dependence of the time 239 
derivatives on the activation rate 𝛼, we solved the equations (1) – (4) and performed numerical 240 
simulations with varying 𝛼 from 10−4 to 102 hr-1, while keeping the other parameters constant 241 
(𝑘0 = 1 hr-1, 𝑁 = 2 × 109, 𝑔 = 100 hr-1, 𝑘𝑚 = 1.5 hr-1, 𝛾 = 500 hr-1, and 𝑀 = 2 × 1011). As 242 
expected, the cell-number curve shifted to the left as the activation rate increased (Fig. 3A), 243 
while the fluorescence growth curve showed a similar trend (Fig. 3B). The simulated results 244 
showed bell-shaped peaks in the time derivatives (Fig. 3C and 3D). We found that increasing the 245 
activation rate led to horizontal shift of the peaks to the left while the peak heights did not 246 
change. We quantitatively determined the peak locations (i.e., the time points corresponding to 247 

the maxima of the peaks, 𝜏𝑝  and 𝜏𝑝
𝑓 , respectively) and observed that both 𝜏𝑝  and 𝜏𝑝

𝑓 248 
exponentially decreased as the activation rate increased for 𝛼 ≤ 1 hr-1 (Fig. 3E, black circles and 249 
green triangles), while the peak locations were much less sensitive to higher 𝛼 (≥ 1). In addition, 250 

we observed that the difference between 𝜏𝑝
𝑓  and 𝜏𝑝  (i.e., 𝜏𝑝

𝑓
− 𝜏𝑝 ) remained constant with 251 

varying 𝛼 (Fig. 3E, and Fig. S2A), indicating that the activation of the bacteria from dormancy to 252 
the active growing state did not play a role in the horizontal shift between the OD-based peak 253 
and fluorescence-based peak observed in Fig. 2F. 254 
 255 

To further confirm that the peak locations (𝜏𝑝 and 𝜏𝑝
𝑓) were capable of reporting the lag time (𝜆) 256 

of the bacterial culture, we fitted the logarithm of the simulated 𝑛(𝑡) curves by the Gompertz 257 

model, log (
𝑛(𝑡)

𝑛(0)
) =  𝐴 exp {− exp [

𝜇⋅𝑒

𝐴
 (𝜆 − 𝑡) + 1]}, where 𝜇 is the maximum specific growth 258 

rate and 𝜆 is the lag time (19, 24). Comparing the fitted lag times (Fig. 3E, blue squares) with the 259 
peak locations showed that the dependence of the lag time 𝜆 on the activation rate was the same 260 
as the peak locations, although the vertical baselines were different. We also observed that both 261 
the peak locations were linear to the lag time (Fig. 3F) with the same slope that is close to one 262 
(1.12 ± 0.01), suggesting that the peak locations could be used to report the lag time of the 263 
bacterial growth, although a slight inflation exists (as the slope is 1.12 > 1). 264 
 265 
 266 
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Figure 3. Predictions of the models for the dependence of the cell number 𝑛, the number of GFPf 
𝑝𝑓, and their time derivatives on the activation rate 𝛼. (A-D) Predicted curves of the models for 
the (A) 𝑛, (B) 𝑝𝑓, (C) 𝑑𝑛/𝑑𝑡, and (D) 𝑑2𝑝𝑓/𝑑𝑡2 as functions of time with increasing activation 
rates 𝛼 ranging from 10-4 to 10+2 hr-1. (E) Predicted dependence of the peak locations (𝜏𝑝 – black 

circles and 𝜏𝑝
𝑓  – green triangles) of the 𝑑𝑛/𝑑𝑡 and 𝑑2𝑝𝑓/𝑑𝑡2 curves on the activation rate 𝛼, 

compared to that of the fitted lag time 𝜆 (blue squares). (F) Relation between the peak locations 

(𝜏𝑝 – black circles and 𝜏𝑝
𝑓 – green triangles) and the fitted lag time 𝜆. Blue dashed line and red 

dotted line are linear fittings. 
 267 
Dependence of time derivatives on the maximum growth rate 𝒌𝟎 268 
 269 
The maximum growth rate 𝑘0 in the model describes how fast the bacteria divide in the presence 270 
of unlimited nutrients and resources (27); therefore, it is expected that 𝑘0 affects the heights of 271 
the peaks in the time derivatives. We ran simulations by varying 𝑘0 from 0.5 to 2.0 hr-1, while 272 
keeping the other parameters constant (𝛼 = 1 hr-1, 𝑁 = 2 × 109, 𝑔 = 100 hr-1, 𝑘𝑚 = 1.5 hr-1, 273 
𝛾 = 500  hr-1, and 𝑀 = 2 × 1011 ). As expected, 𝑛(𝑡)  became steeper as the growth rate 𝑘0 274 
increased (Fig. 4A), resulting in higher peaks in 𝑑𝑛/𝑑𝑡 (Fig. 4C). We also observed that the peak 275 
locations shifted to the left at higher 𝑘0 (Fig. 4C). Similar effects were observed for 𝑑2𝑝𝑓/𝑑𝑡2 276 
(Fig. 4B and 4D). The peak height (𝜂𝑝) of 𝑑𝑛/𝑑𝑡 was linear to the growth rate 𝑘0 (Fig. 4E, black 277 
circles), similar to the 𝜇-𝑘0  relation where 𝜇  is the maximum specific growth rate from the 278 
Gompertz fitting (as observed in the inset of Fig. 4E). However, the dependence of the peak 279 

height ( 𝜂𝑝
𝑓 ) of 𝑑2𝑝𝑓/𝑑𝑡2  deviated significantly from a line (Fig. 4E, green triangles). 280 
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Interestingly, the power law, 𝜂𝑝
𝑓

= 𝑎1 𝑘0
𝑐 , (i.e., linear in a log-log scale, log 𝜂𝑝

𝑓
= 𝑐 log 𝑘0 +281 

log 𝑎1) was more appropriate. Fitting the data gave an exponent of 0.84 (Fig. 4E, red dotted line). 282 
It is noted that performing the power law fitting on 𝜂𝑝  resulted in an exponent of 1.00, 283 
confirming the linearity between 𝜂𝑝 and 𝑘0 (Fig. 4E, blue solid line). We also observed that the 284 

relation between the peak locations (𝜏𝑝 and 𝜏𝑝
𝑓) and the growth rate 𝑘0 followed the power law 285 

with exponents of -0.91 and -0.85, respectively (Fig. 4F, black circles and green triangles). Note 286 
that the observed large changes of the peak locations (~7 hr from 𝑘0 = 0.5 to 2.0 hr-1) did not 287 

necessarily correspond to large changes in the lag time 𝜆. In contrast, fitting log (
𝑛

𝑛0
) with the 288 

Gompertz model (19, 24) showed a much smaller change (≤0.5 hr) in the lag time for the same 289 

𝑘0 range (Fig. 4F, blue squares). We also observed that the difference between 𝜏𝑝
𝑓 and 𝜏𝑝 showed 290 

slight dependence on the maximum growth rate 𝑘0 (Fig. S2B). 291 
 292 

 
Figure 4. Predictions of the models for the dependence of the cell number 𝑛, the number of GFPf 
𝑝𝑓, and their time derivatives on the maximum growth rate 𝑘0. (A-D) Predicted curves of the 
models for the (A) 𝑛, (B) 𝑝𝑓, (C) 𝑑𝑛/𝑑𝑡, and (D) 𝑑2𝑝𝑓/𝑑𝑡2 as functions of time with increasing 
growth rates 𝑘0 ranging from 0.50 to 2.00 hr-1. (E) Predicted dependence of the peak heights (𝜂𝑝 

– black circles and 𝜂𝑝
𝑓 – green triangles) of the 𝑑𝑛/𝑑𝑡 and 𝑑2𝑝𝑓/𝑑𝑡2 curves on the growth rate 

𝑘0 in the model. Inset: predicted dependence of the fitted maximum specific growth rate µ on the 
growth rate 𝑘0 in the model. (F) Predicted dependence of the peak locations (𝜏𝑝 – black circles 

and 𝜏𝑝
𝑓 – green triangles) of the 𝑑𝑛/𝑑𝑡 and 𝑑2𝑝𝑓/𝑑𝑡2 curves and the fitted lag time (𝜆 – blue 

squares) on the growth rate 𝑘0. Blue dashed line and red dotted line are exponential fittings. 
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 293 
Dependence of time derivatives on the GFP expression rate 𝒈 and maturation rate 𝒌𝒎 294 
 295 
We then examined how the time derivatives depend on the GFP expression rate 𝑔 and maturation 296 
rate 𝑘𝑚 . Since these rates are not related to the activation and division of bacteria, the cell 297 
number does not depend on these two parameters (see equations 1 and 2). Therefore, 𝑑𝑛/𝑑𝑡 is 298 
independent on 𝑔 and 𝑘𝑚 . On the other hand, we expected that these two rates significantly 299 
affect the number of fluorescent GFP 𝑝𝑓  in the bacterial culture (26) and thus its time 300 
derivatives. To test this hypothesis, we ran simulations with either varying the expression rate or 301 
the maturation rate (one at a time) while keeping the other parameters constant. As shown in Fig. 302 
5A, 𝑝𝑓 became much steeper as the expression rate 𝑔 increased, resulting in higher peaks in the 303 
second-order time derivative 𝑑2𝑝𝑓/𝑑𝑡2 (Fig. 5A, inset). However, the peak location was not 304 

affected (Fig. 5A, inset); therefore, 𝜏𝑝
𝑓

− 𝜏𝑝 was independent on the expression rate 𝑔 (Fig. 5B 305 

and Fig. S2D). More quantitatively, we found the peak height 𝜂𝑝
𝑓 was linearly dependent on the 306 

expression rate when all the other parameters were kept constant (Fig. 5B). When varying the 307 
maturation rate 𝑘𝑚, we observed that not only the peak heights but also the peak locations were 308 
affected. As shown in Fig. 5C, 𝑝𝑓 became steeper at higher maturation rates, resulting in higher 309 
peaks in the time derivatives (Fig. 5C, inset). In addition, the peaks were shifted to the left as the 310 
maturation rate increased (Fig. 5C, inset). Quantifying the peak location and height showed that 311 

the dependence of the peak location 𝜏𝑝
𝑓 on the maturation rate 𝑘𝑚 followed a power law, with an 312 

exponent of -0.11 (Fig. 5D, blue triangles). As a result, the difference between 𝜏𝑝
𝑓 and 𝜏𝑝 was 313 

significantly dependent on the maturation rate 𝑘𝑚 (Fig. 5D and Fig. S2E), suggesting that the 314 
horizontal shift between the fluorescence-based peak and the OD-based peak observed in Fig. 2F 315 
was largely due to the maturation of the fluorescent proteins. Interestingly, the relation between 316 

the peak height 𝜂𝑝
𝑓  and the maturation rate 𝑘𝑚  resembled the Michaelis–Menten kinetics (33) 317 

curve (Fig. 5D, black circles), although the underlying reason is unclear. The simulated curve 318 

could be fitted well with 𝜂𝑝
𝑓

=
𝑉𝑀 𝑘𝑚

𝑘𝑚+𝐾𝑀
+ 𝑏, giving 𝐾𝑀 = 0.26 hr-1. 319 

 320 
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Figure 5. Predictions of the models for the dependence of the cell number 𝑛, the number of GFPf 
𝑝𝑓 , and their time derivatives on the GFP generation rate 𝑔  and maturation rate 𝑘𝑚 . (A) 
Predicted curves of the models for  𝑝𝑓 and 𝑑2𝑝𝑓/𝑑𝑡2 (inset) as functions of time with increasing 
generation rate 𝑔 ranging from 1 to 1.1 × 103 hr-1. (B) Predicted dependence of the peak height 

(𝜂𝑝
𝑓 – black circles) and peak location (𝜏𝑝

𝑓 – blue triangles) of the 𝑑2𝑝𝑓/𝑑𝑡2 curve on the GFP 
generation rate 𝑔. (C) Predicted curves of the models for  𝑝𝑓 and 𝑑2𝑝𝑓/𝑑𝑡2 (inset) as functions 
of time with increasing maturation rate 𝑘𝑚  ranging from 0.04 to 2.56 hr-1. (D) Predicted 

dependence of the peak height (𝜂𝑝
𝑓 – black circles) and peak location (𝜏𝑝

𝑓 – blue triangles) of the 

𝑑2𝑝𝑓/𝑑𝑡2 curve on the GFP maturation rate 𝑘𝑚. Green solid line and red dashed line are fittings.   
 321 
Dependence of time derivatives on the GFP degradation 322 
 323 
We lastly investigated how the second-order time derivative of the fluorescence curve depends 324 
on the GFP degradation by running simulations with either varying degradation rate 𝛾 or varying 325 
degradation capacity 𝑀 (one at a time) while keeping all the other parameters constant. We 326 
observed that the number of fluorescent GFP 𝑝𝑓  became shallower as the degradation rate 𝛾 327 

increased, resulting in a decrease in the peak height ( 𝜂𝑝
𝑓 ) of 𝑑2𝑝𝑓/𝑑𝑡2  (Fig. 6A). More 328 

interestingly, at high enough degradation rate, the 𝑝𝑓(𝑡) curve started to show slower growth at 329 
longer times or even plateaus (e.g., 4 × 1011 hr-1) (Fig. 6A). This change in the growth curve 330 
was reflected by the dip after the peak in 𝑑2𝑝𝑓/𝑑𝑡2 and a slight left shift in the peak location 331 
(Fig. 6A, inset). Quantifying the peak height and location showed that both of the peak height 332 
and peak location were almost constant below 𝛾 < 1010 hr-1 (Fig. 6B inset, with 𝑀 = 2 × 1011) 333 
but decreased quickly at higher degradation rates (Fig. 6B). For the degradation capacity (𝑀), we 334 
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observed higher 𝑀 values in general gave steeper 𝑝𝑓 curves (Fig. 6C), which is expected as a 335 
larger degradation capacity (but the same degradation rate 𝛾) indicates that more GFP proteins 336 
are degraded per unit time (26). Interestingly, a more careful examination showed that the 337 
dependencies of both peak height and peak location on the degradation capacity were more 338 
complicated than monotonic changes (Fig. 6C, inset). Quantifying the peak locations and heights 339 
showed that interesting dependence on the degradation capacity (Fig. 6D). We also note that both 340 

the degradation rate and capacity affected 𝜏𝑝
𝑓

− 𝜏𝑝, the horizontal shift between the fluorescence-341 
based peak and OD-based peak (Fig. 2F).  342 
 343 

 
Figure 6. Predictions of the models for the dependence of the cell number 𝑛, the number of GFPf 
𝑝𝑓, and their time derivatives on the GFP degradation rate 𝛾 and degradation capacity 𝑀. (A) 
Predicted curves of the models for  𝑝𝑓 and 𝑑2𝑝𝑓/𝑑𝑡2 (inset) as functions of time with increasing 
degradation rate 𝛾  ranging from 100 to 2 × 1012  hr-1. (B) Predicted dependence of the peak 

height (𝜂𝑝
𝑓 – black circles) and peak location (𝜏𝑝

𝑓 – blue triangles) of the 𝑑2𝑝𝑓/𝑑𝑡2 curve on the 
GFP degradation rate 𝛾. Inset: a close-up look of the same data in the range of 𝛾 ∈ [1, 1010] hr-1. 
(C) Predicted curves of the models for  𝑝𝑓  and 𝑑2𝑝𝑓/𝑑𝑡2  (inset) as functions of time with 
increasing degradation capacity 𝑀 ranging from 108 to 1015. (D) Predicted dependence of the 

peak height (𝜂𝑝
𝑓 – black circles) and peak location (𝜏𝑝

𝑓 – blue triangles) of the 𝑑2𝑝𝑓/𝑑𝑡2 curve on 
the GFP degradation capacity 𝑀. 
 344 
Application of the time derivative based method to study lag time elongation caused by 345 
Ag+-treatment 346 
 347 
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We have been investigating the antimicrobial activity and mechanism of silver (Ag) in various 348 
forms, such as ions and nanoparticles (7, 30, 34, 35). For example, we performed growth-curve 349 
measurements on E. coli bacteria in the presence of Ag+ ions following standard protocols (i.e., 350 
using cuvettes and photometry), and found that the major effect of Ag+ ions was to elongate the 351 
lag time (7). Here we repeated the growth experiments of GFP-expressing E. coli bacteria in the 352 
absence and presence of Ag+ ions at 40 µM with a multimode microplate reader by measuring 353 
both the optical density at 600 nm (OD) and green fluorescence (FL). We observed that, due to 354 
significant multiple scattering, the OD curve from the microplate reader did not follow the 355 
sigmoid shape (Fig. 7A), even if the overnight culture (i.e., 16 hr) was expected to be in the 356 
stationary phase. This observation was consistent with previous results reported in the literature 357 
(2). On the other hand, the growth curves at low OD values (e.g., ≤ 0.8-1.0) confirmed that the 358 
presence of Ag+ ions elongated the lag time while keeping the growth rate (i.e., the slope) 359 
roughly the same (Fig. 7A), reproducing our previous results (7). More quantitatively, we fitted 360 
the logarithm of the OD curves partially (using data with OD ≤ 1.0) by the Gompertz model (24) 361 
and found that the lag times were 1.38±0.02 hr and 6.6±0.9 hr, respectively, corresponding to a 362 
lag time elongation of 5.2±0.9 hr. The reported errors here were fitting errors, which were large 363 
in some cases (e.g., +Ag+ ions) presumably due to the missing of the bacterial growth data above 364 
1.0. 365 
 366 
We calculated the first-order time derivatives of the OD curves (∆OD/∆t), which showed distinct 367 
peaks (Fig. 7C). In the absence of Ag+ ions, the peak was centered at 4 hr with a standard 368 
deviation (STDEV) of 1.2 hr (Fig. 7C, blue circles). In contrast, the peak for the Ag+-treated 369 
bacteria was centered at 9.5 hr with a STDEV of 1.4 hr (Fig. 7C, orange squares). The shift in the 370 
peak location due to the Ag+-treatment was 5.5 ± 1.9 hr (Mean ± STDEV, Fig. 7E), consistent 371 
with the lag time elongation estimated from the Gompertz fitting (Fig. 7G). 372 
 373 
We also measured the fluorescence curves of the same samples in the absence and presence of 374 
Ag+ ions (Fig. 7B). The shapes of the measured FL curves were similar to the predictions from 375 
the models (Fig. 2 – 6), providing evidence to support the validity of the models used in this 376 
work. More importantly, we calculated the second-order time derivative (∆2FL/∆t2) and observed 377 
the model-predicted peaks centered at 5.3 hr and 10.8 hr, respectively (Fig. 7D). The shift in the 378 
peak location was 5.5 ± 1.1 hr (Mean ± STDEV, Fig. 7F), corroborating very well with the shift 379 
from the OD results and the lag time elongation from the Gompertz fitting (Fig. 7G). 380 
 381 
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Figure 7. Application of the time-derivative based method for identifying the elongation of lag 
time in the growth of E. coli bacteria due to the treatment with Ag+ ions. (A) OD growth curves 
of E. coli in the absence (-Ag+, blue circles) and presence (+Ag+, orange squares) of 40 µM Ag+ 
ions, measured with a multimode 96-well microplate reader. (B) FL growth curves of the same 
E. coli samples (-Ag+: green crosses; Ag+: red triangles). Error bars in panels A and B represent 
standard errors of the means (SEM). (C, D) Time derivatives of the corresponding growth curves 
in panels A and B. Vertical lines highlights the corresponding peaks. (E) Measured peak 
locations of ∆OD/∆t in the absence (𝜏𝑝

−) and presence (𝜏𝑝
+) of Ag+ ions. Error bars stand for the 

standard deviations of the peaks. (F) Measured peak locations of ∆2FL/∆t2 in the absence (𝜏𝑝
𝑓−) 

and presence (𝜏𝑝
𝑓+) of Ag+ ions. Error bars stand for the standard deviations of the peaks. (G) 

Comparison between the changes of the peak locations (Δ𝜏𝑝 and Δ𝜏𝑝
𝑓) and the elongation of the 

fitted lag time (Δ𝜆). 
 382 
Applying the time derivative based method to study the growth E. coli bacteria in the 383 
presence of AgNPs 384 
 385 
When attempting to measure the OD growth curves of bacteria treated with PVP-coated cubic 386 
silver nanoparticles (AgNPs) at various concentrations (0 – 80 µg/mL) using the microplate 387 
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reader, we observed that the OD curves were significantly affected by the presence of the AgNPs 388 
(Fig. 8A, inset). First, we observed a shift in the baseline of the OD measurements, presumably 389 
due to the contributions of the AgNPs to the absorption and scattering of light. More importantly, 390 
strange peaks emerged in the OD curves at short time, possibly due to the aggregation, 391 
dissolution, and other processes of the AgNPs in the growth media. These peaks in the OD 392 
curves made it challenging to directly apply the Gompertz model to quantitatively obtain the 393 
growth properties of the bacteria, without making various assumptions about the peaks. 394 
 395 
On the other hand, we found that the fluorescence curves followed the predictions from the 396 
models in the presence of the AgNPs (Fig. 8A). We applied the time derivative based method on 397 
the FL curves and observed that the peak centers in ∆2FL/∆t2 were shifted to the right at higher 398 
concentrations of AgNPs, along with decreases in the peak heights (Fig. 8B). It is noted that 399 
Hanning smoothing of curves was performed to reduce noises here. Characterizing the peaks 400 

showed that the peak location 𝜏𝑝
𝑓  increased linearly, and the peak height 𝜂𝑝

𝑓  decreased 401 
exponentially, as the concentration of AgNPs increased.  402 

 
Figure 8. Application of the time-derivative based method for identifying the effect of silver 
nanoparticles (AgNPs) at various concentrations on the growth of E. coli bacteria. (A) FL growth 
curves of E. coli bacteria in the presence of AgNPs at 0 (control, blue circles), 20 (orange 
squares), 40 (green cross), 60 (red triangle), and 80 (purple triangle) µg/mL. Inset: the 
corresponding OD growth curves for the same samples. Error bars represent standard errors of 
the means (SEM). (B) Time derivatives of the FL growth curves (∆2FL/∆t2) in panel A. Vertical 
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lines highlight the peak locations. (C, D) Measured dependence of the (C) peak locations 𝜏𝑝
𝑓 and 

(D) peak heights 𝜂𝑝
𝑓 on the concentration of AgNPs. 

 403 
Discussion 404 
 405 
In this study, we used a gram-negative bacterium, E. coli, at 37ºC as a model organism. 406 
However, we expect that the current method is readily applicable to other microorganisms such 407 
as gram-positive bacteria or yeast at different temperatures, because the current method does not 408 
rely on the biological properties of the microorganisms and OD-based growth curves have been 409 
commonly and widely used for different bacteria and other microorganisms, which show similar 410 
sigmoid growth curves. 411 
 412 
It is worthwhile to note that the major purpose of developing the current method is not to replace 413 
the traditional OD measurements and mathematical fittings (e.g., Gompertz model) of growth 414 
curves. Instead, it is a complementary means to assess the growth behaviors of microbes 415 
especially when the traditional OD curves deviate from the sigmoid shape due to multiple 416 
scattering or contributions from other reagents of interest in the studies. It is also important to 417 
point out several caveats and limitations in the current method. First, our method relies on the 418 
peaks in the time derivatives of the OD-based or fluorescence-based growth curves, which 419 
require implicitly the existence of maximum rate in the growth of the microorganism. However, 420 
this requirement is not necessarily met for some microorganisms or at certain temperatures. 421 
Second, taking the time derivatives of the growth curves generally introduces additional 422 
numerical errors, which possibly demolish or distort the peaks and thus lead to failure of the 423 
current method. We also note that, as the current method relies on the OD and fluorescence 424 
measurements, its sensitivity and robustness at low bacterial concentrations is limited by the 425 
sensitivity of the instrument for OD and fluorescence quantifications. 426 
 427 
It is also important to clarify that we highly recommend using the time derivatives of both the 428 
OD and fluorescence growth curves when possible (as we did in Fig. 7). The peak properties of 429 
the fluorescence-based growth curves provide additional, useful information for quantitatively 430 
evaluating the growth of microbes. However, the time derivatives from the fluorescence curves 431 
are not sufficient for a complete description of the bacterial growth. 432 
 433 
A horizontal shift was observed between the peak based on fluorescence-based growth curve and 434 
the peak based on the corresponding OD-based growth curve (Fig. 2F and Fig. 7D). This shift is 435 
mainly due to the maturation and degradation of the fluorescent proteins. A systematic 436 
comparison showed that this horizontal shift depends mostly on the maturation rate 𝑘𝑚 , 437 
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significantly on the degradation rate 𝛾 and degradation capacity 𝑀, slightly on the maximum 438 
growth rate 𝑘0, but not on the activation rate 𝛼, maximum cell number 𝑁, and fluorescent protein 439 
expression rate 𝑔 (Fig. S2). 440 
 441 
The dependencies of the changes in the peak location (horizontal shift) and peak height (vertical 442 
shift) on the various growth parameters (𝛼, 𝑘0, 𝑁, 𝑔, 𝑘𝑚, 𝛾, 𝑀) are many-to-many mapping. In 443 
other words, a change in the peak location or height can possibly depend on several parameters, 444 
and one parameter can possibly affect both the location and height of the peaks. On one hand, 445 
this many-to-many relationship brings complications if it is desired to compare the growth rate 446 
(related to 𝑘0) and lag time (related to 𝛼) from the fluorescence-based peaks among samples with 447 
different fluorescence-related parameters. On the other hand, the many-to-many mapping could 448 
be an advantage in many scenarios, for example, where toxins or reagents cause different 449 
responses in the OD-based and fluorescent-based growth curves. One of such examples is that 450 
polydopamine causes significant changes in the fluorescent-based growth curves but has much 451 
less effects on the OD-based growth curves (36, 37). 452 
 453 
In addition to the growth rate ( 𝜇 ) and lag time (𝜆 ), another commonly used quantity for 454 
describing bacterial growth is the mean generation time or doubling time (𝑇𝑑). Because 𝑇𝑑 is 455 
related to the maximum growth rate, 𝑇𝑑 ∝ 1/𝑘0 (27), and the peak height 𝜂𝑝 from the OD-based 456 
growth curve is linearly dependent on and only on 𝑘0 (Fig. 4E), the mean generation time can be 457 
readily reported by the current method using the peak height of the time derivative of the OD 458 
growth curve. On the other hand, if the OD-based growth curves are significantly distorted by 459 
presence of other reagents and only the fluorescence-based growth curves are available (e.g., Fig. 460 
8A), it is practically difficult to quantify the mean generation time because of the many-to-many 461 
relationship between the peak properties of the time derivatives and the various parameters. 462 
 463 
We chose to use and examine the cell number 𝑛(𝑡), instead of the OD, in all our simulated 464 
results. This choice was made because the relation between the cell number (or concentration) 465 
and the OD (or absorbance/transmittance) is complicated when taking into account multiple 466 
scattering and instrument parameters (e.g., aperture shape, aperture radius, and the distance 467 
between detector and sample) (38). In certain regimes, a parabolic dependence is valid for the 468 
relation of OD vs. cell number (2, 38). However, this dependency is invalid in general, requiring 469 
“ideal instrumentation and nonabsorbing bacteria” (38). As it was out of the scope of the current 470 
study, we did not convert cell numbers to OD values in the simulations for reproducing the 471 
flattening/saturation effects of multiple scattering on the OD growth curves (Fig. 1A and 7A). 472 
However, it is worthwhile to discuss why taking the first derivative of the OD growth curve 473 
helps to solve the problem of multiple scattering (or nonlinear OD-concentration relation). The 474 
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reason is that the flattening/saturation of the OD growth curve caused by multiple scattering 475 
gives lower/shallower slopes, which in turn lead to lower values for the first derivative of the 476 
curve (as the first derivative of a function/curve is the slope of the tangent line to the curve). As a 477 
result, the regimes affected by multiple scattering would appear as shoulder(s) or long tail(s) to 478 
the right of the peak, as shown in Fig. 7C. The shoulder, or long tail, does not come into play 479 
when identifying the peak, and thus the peak location and height are not affected (if the shoulder 480 
is not too significant). Therefore, the effect of the multiple scattering on the OD curve is lessened 481 
or possibly removed by taking the first derivative of the OD growth curve. 482 
 483 
The current work offered a method for analyzing the OD and fluorescence growth curves from 484 
microplate readers without calibrations for eliminating the effects of multiple scattering. 485 
However, the current method can be combined with growth curves generated with careful 486 
calibrations (2, 39). Recently, a beautiful interlaboratory study was carried out, concluding that 487 
serial dilution of silica microspheres worked the best for easy, accurate, and robust calibration of 488 
an instrument for converting OD to cell number (39), which is expected to be very useful in the 489 
field of microbiology. We believe that these accurate and robust calibration methods will provide 490 
better data for the current method to start with. 491 
 492 
An advantage of our method is that the analysis based on the time derivatives of the OD and FL 493 
growth curves could be non-parametric and model-free. Although we have used models with 494 
several parameters to help us to understand the time derivatives in this work, the application of 495 
our method does not require any model. In our method, one only needs to calculate the 496 
derivatives of the measured time series of OD and FL, locate the peaks in the time derivatives, 497 
and determine the peak locations and peak heights. The changes in the peak locations and peak 498 
heights then report how the growth properties of the bacteria are affected by the reagents of 499 
interest. This analysis does not require mathematical equations and fitting; it works without any 500 
underlying assumptions on the microbial growth. We expect that the non-parametric and model-501 
free nature makes our method robust and easy to use when monitoring microbial growth.  502 
 503 
Furthermore, it is possible to connect the non-parametric changes in the peaks with parametric 504 
models in order to understand the mechanism of the reagents of interest to affect the growth of 505 
bacteria. In this work, we adopted very simple models for the growth of bacteria and expression 506 
of fluorescent proteins. However, there are better and more sophisticated models available in the 507 
literature (7, 8, 40), and new models can be developed if desired. For example, if plasmid loss is 508 
significant in certain cases (and thus the expression of fluorescent proteins is affected), it might 509 
be desired to modify the model for the expression of fluorescent proteins. If cell death is of 510 
interest (e.g., for studies of the effects of toxins and/or toxicants at high concentrations), it would 511 
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be wanted to include the cell death in the models (e.g., Fig. S3). It might also be necessary to 512 
include coupled model parameters in some situations, for example, where the expression and 513 
fluorescence of fluorescent proteins are linked to the growth of bacteria. Although the current 514 
method does not require a model, it is expected to be extendable, versatile, and compatible with 515 
different, sophisticated models for different applications. 516 
 517 
The current method is based on OD and fluorescence with microplate readers and thus reports 518 
the growth properties of bacteria at the ensemble level (i.e., the average over many bacteria). 519 
Therefore, the current method cannot differentiate live and dead cells, which is a limitation 520 
compared to time-lapse microscopy that has been used to monitor the growth and morphology of 521 
microbes in real-time (35, 41). For example, we previously investigated the growth of bacteria at 522 
the single-cell level and observed the oscillation of cell-length of bacteria in the presence of Ag+ 523 
ions (35). Time-lapse imaging is able to provide valuable information on individual cells that is 524 
inaccessible at the ensemble level. However, based on our experience, time-lapse microscopy is 525 
not as convenient as the microplate-reader based method in certain situations, especially when 526 
high throughputs with different growth conditions are needed. It has several limitations, 527 
including relatively lower throughput, only one condition at a time, defocusing over long time 528 
period, stage drift, limited size of field of view (FOV), and variance among different FOVs. It is 529 
worthwhile to note that there exist modern microplate readers that combines time-lapse imaging 530 
with growth curve measurements, which combines the advantages from both types of 531 
measurements. 532 
 533 
As the current method makes use of time derivatives, it requires reasonably high temporal 534 
resolution in the measurements (i.e., the time intervals of data points should be much shorter than 535 
the growth dynamics of bacteria). Therefore, we expect that the current method is not suitable for 536 
CFU assays, which typically do not have good temporal resolutions. However, we believe that 537 
our method can be extended to other assays beyond OD and fluorescence. For example, it would 538 
be interesting to experimentally demonstrate the current method on ATP abundance-based assays 539 
using luminescence in the future. Another potential future study is to extend the time-derivative 540 
method to microbiological/biochemical assays for other purposes, such as examining the 541 
metabolic rate of microbes and enzymatic activities. 542 
 543 
 544 
Conclusions 545 
 546 
To summarize, we developed a method for evaluating the growth of bacteria measured by 547 
multimode microplate readers. This method is based on the time derivatives of the absorption 548 
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(OD) and/or fluorescence (FL) of the bacterial culture. Using quantitative models predicting the 549 
cell number 𝑛 and number of fluorescent proteins 𝑝𝑓 as functions of time, we characterized the 550 
dependence of the first-order time derivative of OD and the second-order time derivative of FL 551 
on various parameters of the model, which are related to the commonly accepted lag-time and 552 
maximum specific growth rate of bacterial cultures. We showed that our method is consistent 553 
with traditional mathematical fittings of sigmoid growth curves (e.g., the Gompertz model). In 554 
addition, our method provides a better way for interpreting OD growth curves when multiple 555 
scattering is problematic and the growth curve does not follow the well-established sigmoid 556 
shape, which solves the issue of nonlinear relation between OD and cell number due to multiple 557 
scattering in growth curve measurements using microplate readers. More importantly, our 558 
method provides a framework for understanding the FL growth curves and extracting the growth 559 
behavior of bacteria from the FL measurements, which is especially useful when the absorption 560 
and scattering are affected by other components in the bacterial culture. 561 
 562 
As a demonstration, we applied the current method for investigating the elongation of lag time 563 
for bacteria treated with Ag+ ions and found that results from our method were in great 564 
agreement with the traditional mathematical fittings from the partial OD growth curves (at low 565 
values where the multiple scattering can be ignored). In addition, the current method was applied 566 
to the growth of bacteria in the presence of AgNPs at various concentrations, where the 567 
traditional growth measurement failed due to the high scattering, high absorption, and other 568 
processes from the AgNPs. Our method allowed us to successfully extract how the AgNPs 569 
affected the growth of bacteria. 570 
 571 
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