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Abstract
Research work was implemented to describe the kinetics of cell growth, substrate utilization and product formation using a 
mutant strain of Streptomyces hygroscopicus NTG-30-27 in a 3-L bioreactor under optimized condition. Various substrate 
inhibition mathematical models were applied and it was found that the cell growth and substrate utilization kinetic data 
fitted well to those models. Andrew’s kinetic model was fitted very well (R2 = 0.998) with our experimental data among 
different models tested for analysis whereas Luedeking–Piret model suggested that our product is mixed growth associated. 
The values for maximum specific growth rate (µmax), doubling time (td), saturation constant (KS), inhibition constant (KI) 
and yield coefficient (YX/S) were found to be 0.03985 h−1, 17.16 h, 2.076 g/l, 0.009 g/l and 0.290 g g−1. Final rapamycin 
yield with mutant strain was found to be 531.4 mg/l on its 5th day of fermentation which is 6.7-fold higher than the wild 
type (79.31 mg/l). The effect of aeration on rapamycin production was studied by batch fermentation in a stirred tank reactor 
(STR) using S. hygroscopicus NTG-30-27. Dynamic behaviour and aeration efficiency of the reactor, as well as rheology 
pattern of the fermentation broth, were determined by calculating volumetric mass transfer coefficient (KLa) of the process 
using “Dynamic gassing out method”. KLa was found to be 54.53 h−1 which is quite significant for rapamycin production. 
Further purification and structural analysis of the extracted sample were carried out by liquid chromatography–mass spec-
trophotometry (LC–MS) technique in positive ionization mode and molecular mass was found to be 936 D. Finally, 90.62% 
purified rapamycin was obtained from the study.
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Abbreviations
dP/dt  Production rate (mg/l-hr−1)
Ki  Inhibition coefficient (g/l)
KLa  Volumetric mass transfer coefficient  (hr−1)
KS  Saturation constant (g/l)
M  Cell maintenance coefficient

P0, P, Pmax  Product concentration at 0th h of fermenta-
tion (mg/l), product concentration at any time 
of fermentation (mg/l), maximum product 
concentration at particular fermentation time 
(mg/l)

R2  Regression coefficient
S0, S  Initial substrate concentration (g/l), limited 

substrate concentration (g/l)
t  Incubation time (hr)
td  Doubling time of cell (hr)
LPM  Liter per minute
mTOR  Mechanistic target of rapamycin
vvm  Volume of air per volume of fermentation 

media per minute  (m3)
X0, X, Xmax  Initial cell mass concentration (g/l), cell mass 

concentration at any time of fermentation 
(g/l), maximum attainable call mass concen-
tration (g/l)

YX/S  Growth yield coefficient per unit substrate 
consumed (g/g)
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Greek symbols
µ, µmax  Specific growth rate  (hr−1), maximum spe-

cific growth rate  (hr−1)
α  Growth-associated product formation coef-

ficient (mg/g)
β  Non-growth-associated product formation 

coefficient (mg/g-hr−1)

Introduction

Immunosuppressants are finding increased use since 1970s 
as protective agents against the acute and chronic rejections 
of organ transplantation—a globally concerned problem in 
the medical field. Rapamycin (rap), also known as siroli-
mus is a promising immunosuppressant which has no side 
effects unlike other macrolides, i.e. cyclosporine (Cohen 
et al. 1984). However, rapamycin was first reported as an 
antifungal agent (Vezina et al. 1975) produced by soil-borne 
actinomycetes Streptomyces hygroscopicus; later on, it was 
shown to have neurotrophic (Steiner et al. 1997) and potent 
immunosuppressant activity (Calne et al. 1989). During clin-
ical trials of rapamycin as an anti-transplant rejection drug, 
antitumor effects were also observed (Douros and Suffness 
1981). Khan et al. (2006) suggested the possible assistance 
of rapamycin in heart attack treatment (Khan et al. 2006). 
Anti-parasitic effect (Barquilla et al. 2008) and anti-ageing 
property of rap on mice were also established (Harrison 
et al. 2009). Studies discovered that rapamycin has excel-
lent anti-Candida property (High 1994). In 1999, it has been 
approved by the FDA under the brand name Rapamune as an 
anti-rejection drug in kidney transplantation.

Lung transplantation became safe and easier using rapa-
mycin because of its anti-proliferative properties and low 
side effect (Wojarski et al. 2018). Researchers have also 
identified that rapamycin can regulate cholesterol biosyn-
thesis and can also improve spatial learning ability of APP/
S1 genetical mice (Wang et al. 2019). Their finding also 
suggests that rapamycin has potential energy to delay the 
progression of Alzheimer’s disease. The ability of rapa-
mycin to stop breast cancer has been employed recently by 
inactivation of mTOR pathway and telomerase–telomere 
dynamics in human breast cancer cells (Gopalakrishnan 
et al. 2018). Rapamycin antibiotic production is usually 
favoured by suboptimal growth conditions (Dutta et al. 
2017). A microorganism that stops dividing in the station-
ary phase produces antibiotic synthetase which catalyses 
surplus primary metabolites into secondary metabolites 
(Chater 1984; Riesenberg and Bergter 1979). In sum-
mary, cell growth is the fate of two simple biological 
phenomena, nutrient uptake from the environment and 
conversion of it into a metabolic end product. A careful 
and impeccable kinetic study is required to establish the 

relationship between cell growth, substrate utilization and 
product formation anomaly. Different kinetic model has 
been developed with the in-depth knowledge of mathemat-
ical equations to meet the requirement for the analysis of 
experimental outcome with simulated value.

In the current research work, we have incorporated dif-
ferent well-established unstructured kinetic models to define 
the complex mechanism of rapamycin production in bioreac-
tor by the mutant strain of S. hygroscopicus NTG-30-27. The 
strain was previously engineered in our lab through random 
mutagenesis using N-methyl-N-nitro-N-nitrosoguanidine 
(NTG) as chemical agent (Dutta et al. 2017). Among dif-
ferent models tested for nonlinear regression and analysis 
of complex kinetic behaviour of the metabolic pathway 
for rapamycin synthesis, Andrew’s model was found sat-
isfactory and agreed well with our experimental findings. 
However, nonlinear models are relatively challenging for 
parameter approximation than generalized linear regression 
models (Okpokwasili and Nweke 2006). As per the pre-
liminary knowledge, antibiotic is mainly synthesized in sta-
tionary phase of growth. Keeping this information in mind, 
Luedeking–Piret model was incorporated in our study to 
establish the product formation phenomena. This model was 
first introduced during lactic acid fermentation by homo-
fermentative bacteria Lactobacillus delbrueckii (Luedeking 
and Piret 1959). Any metabolite or product whether it is 
growth associated or not can be easily found out from this 
model. Optimum value of physicochemical factors (temp, 
agitation, pH) responsible for higher yield of rapamycin by 
NTG-30-27 has been already carried out and established 
(Dutta et al. 2017). For bioreactor operation of filamentous 
microorganism in submerged culture, one very crucial factor 
for scale-up is the rate of oxygen supply through proper aera-
tion (Song et al. 2017; Wang and Zhang 2007). In this con-
text, determination of volumetric mass transfer coefficient 
(KLa) is very important as it plays a vital role in scale-up and 
to determine aeration capacity of a reactor during aerobic 
fermentation (Puthli et al. 2005). Optimum oxygen concen-
tration throughout the fermentation is essential for effective 
metabolite production which mainly governs by KLa of the 
reactor (Stanbury et al. 2013). However, the value of KLa 
depends on agitation rate, impeller design, aeration rate of 
the reactor; it is unaffected by dissolved oxygen concentra-
tion (DO, mg/l) of the broth (Stanbury et al. 2013). In our 
experiment, dissolved oxygen concentration was maintained 
above 30% of air saturation (as low solubility of oxygen in 
water) during fermentation run. After scale-up in the biore-
actor, final rapamycin yield was around 59% higher than that 
was obtained in shake flask study with NTG-30-27 (Dutta 
et al. 2017). Further characterization and purification of 
rapamycin were carried out in liquid chromatography–mass 
spectroscopy (LC–ESI-MS-TOF) method.
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Experimental

Chemicals

All chemicals used for the present research work were of 
analytical and HPLC grades and purchased from Sigma-
Aldrich (presently known as Merck, USA), Himedia 
(India) and Tokyo Chemical Industries (TCI, India). 
HPLC-grade (> 95% pure) rapamycin standard (1 mg) was 
purchased from Cayman Chemical, USA. Deionized water 
used for HPLC analysis was prepared by Ultrapure Water 
System  (Arium®, 611UF, Sartorius, Germany).

Microorganisms

All the kinetic studies were carried out using chemical 
mutant of Streptomyces hygroscopicus NTG-30-27 previ-
ously generated in our lab (Dutta et al. 2017). Candida 
albicans MTCC-227 was purchased in a lyophilized vial 
from microbial type culture collection (MTCC), Institute 
of Microbial Technology (IMTECH), Chandigarh, India. It 
was used as a test organism to check antibiotic concentra-
tion via disc diffusion method and potency check by tur-
bidimetric assay. S. hygroscopicus NTG-30-27 was grown 
and maintained in a medium consisting of (g/l) glucose 4; 
yeast extract 4; malt extract 10;  CaCO3 2. The pH of the 
medium was maintained at 7.2. C. albicans was grown on 
MYGP medium having the following composition (g/l): 
malt extract 3; yeast extract 3; peptone 5; glucose 10 (pH 
7). Media composition described here is provided with 
the strain when procured from IMTECH, Chandigarh. The 
nutrients present in the media were used for growth and 
subsequent subculturing purpose of the strains (NTG-30-
27, MTCC 4003 and MTCC 227).

Methods

Inoculum preparation

Inoculum (seed culture) was prepared by inoculating 
thawed S. hygroscopicus spore into 250-ml Erlenmeyer 
flask containing 50 ml growth medium with the help of 
a sterile inoculating loop under aseptic condition. Flasks 
were then incubated at 25 °C and 120 rpm for 7 days. 
S. hygroscopicus and C. albicans were maintained by 
bimonthly transfer to fresh medium and stored at 4 °C after 
incubation at 25 °C for 5 days.

Production medium and cultivation in bioreactor

After adequate growth of mycelium, vegetative cells of 
S. hygroscopicus NTG-30-27 were transferred (5% v/v) 
to production medium for generating a maximum yield of 
rapamycin. Kinetic study of rapamycin production includ-
ing determination of KLa was carried out in 3-L stirred 
tank reactor (Lark hygiene, India) with 2.2 L working 
volume and Lark innovative-data scanner software for 
advanced online real-time monitoring of fermentation 
conditions. Optimized media components for rapamycin 
production in bioreactor were as follows (g/l): fructose 
25, mannose 5, l-lys HCl 7.5,  (NH4)2SO4 2.5,  K2HPO4 2, 
NaCl 2.5,  CaCO3 3 and  Na2SO4 0.35 with supplementation 
of sterile trace element solution (1×). Physicochemical 
parameters for rapamycin production inside the reactor 
were pH 7.6, temperature 23 °C, agitation 300 rpm and 
air flow rate of 1 LPM (~ 0.8 vvm). Standard calibration 
of pH probe was carried out before autoclaving the reac-
tor with suitable buffer solutions (pH 4, pH 7 and pH 9) 
and was set to be 7.6 whereas dissolve oxygen (DO) probe 
(Mettler  Toledo®) was calibrated after autoclaving and set 
value was 100%. pH was maintained constant at set point 
7.6 by supplying 2(N) NaOH and 1(N) HCl automatically 
inside the reactor through peristaltic pumps. “dead band” 
value for pH was set at 1. As reported, “P band” value is 
around 10% of dead band value, hence the pH of fermen-
tation media was always maintained between 7.5 and 7.7 
(Gerson et al. 1988). DO value was controlled via con-
stant agitation by six-bladed turbine impellers and supply 
of compressed sterile air through multiple point sparger 
inside the vessel for 10 days at 1 LPM.

Kinetic study of rapamycin production

Monod’s kinetic model relates growth rate with the con-
centration of a single growth-limiting substrate over the 
parameters µmax and KS. It also provides the idea of yield 
coefficient (Yx/s) to the µ (Okpokwasili and Nweke 2006). 
Among the substrate inhibition models prescribed by the 
researchers, Andrew’s equation is widely used (Okpok-
wasili and Nweke 2006; Tan et al. 1996). This model was 
used for simulation study to fit the experimental data. 
Among several kinetic models studied, the Andrew’s 
model was best fitted and gave highest R2 value.

Product formation relationship can be established 
using Luedeking–Piret model. It is a globally accepted 
model for the determination of growth-associated, 

(1)� =
�maxS

S2Ki + S + KS

.
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non-growth-associated as well as mixed growth-associated 
product (Ozergin-Ulgen and Mavituna 1993). The model 
says product formation rate (dp/dt) depends on both the 
rapid biomass concentration (X, g/l) and the growth rate 
(dx/dt) in a linear fashion (Lu et al. 2011a). The expression 
for mixed growth-associated product is

where � and � are Luedeking–Piret model kinetic constants 
which vary with fermentation dynamics. Dividing both sides 
of Eq. (2) by ‘x’ yields

i.e. 1
x

(

dp

dt

)

= �� + �; (3)by plotting experimental values of 
1

x

(

dp

dt

)

 against µ, a straight line curve is being generated. � is 
the slope of that curve and � will be the intercept (Luedeking 
and Piret 1959). The value of � can also be generated from 
stationary phase data using the following equation:

where xm is maximum attainable biomass (when dx/dt = 0, 
at stationary phase) (Elibol and Mavituna 1999; Lu et al. 
2011a).

Analytical procedure

Rapamycin extracted from fermentation broth was checked 
via “Agar disc diffusion method” for preliminary confirma-
tion (Abdel-Fattah 2008; Dutta et al. 2014; Kojima et al. 
1995). Further validation was carried out by High-perfor-
mance liquid chromatography (HPLC) technique (Dutta 
et al. 2014; Dutta et al. 2017). Amount of total carbohy-
drate or residual sugar was estimated by phenol–sulfuric 
acid method (Nielsen 2015). During fermentation in shake 
flask, the microbial growth under the submerged conditions 
appeared as spherical pellets. Hence, after inoculation, 50 ml 
of sample was taken from shake flask in 50-ml centrifuge 
tube at every 24-h interval starting from 0th hr and centri-
fuged at 3500 rpm for 15 min at 4 °C (Cheng et al. 1995). 
After centrifugation, the supernatant obtained was taken in 
a separate centrifuge tube, and the cell pellet was washed 
twice with 3 ml of methanol by centrifuging at 200 rpm 
for 15 min. For determination of cell mass, before every 
sampling, 50-ml empty falcon tubes were kept in hot air 
oven (Khera Instrument, Model: KI-26) at 80 °C for 48 h 
to make constant weight and also to minimize the error. 

(2)
dp

dt
= �

dx

dt
+ �x,

1

x

(

dp

dt

)

= � ×

(

1

x

dx

dt

)

+ �,

(4)� =

(

dp

dt

)

st

xm
,

Luedeking–Piret model was used to describe the rapamy-
cin production kinetics in bioreactor (Elibol and Mavituna 
1999; Lu et al. 2011a; Luedeking and Piret 1959). Volumet-
ric oxygen transfer coefficient (KLa) was calculated using 
“Dynamic gas in-gas out method” (Bandyopadhyay et al. 
1967). Structural analysis of standard rapamycin, as well 
as extracted sample, was carried out by mass spectroscopy-
ESI-TOF (Maxis impact, Bruker Daltonics, USA) method.

Purification and structural prediction of rapamycin 
by LC–MS study

Around 750 µl of fermented broth was taken in a micro-
centrifuge tube (2 ml). Mycelium separation was initially 
carried out by standard filtration technique. After that, equal 
volume (750 µl) of HPLC-grade methanol was added to it, 
since rapamycin is highly soluble in methanol (~ 25 mg/
ml). The mixture was vortexed vigorously and centrifuged 
at 14,000 rpm for 20 min at 4 °C. Following centrifuga-
tion, methanol was separated by passing the clear superna-
tant through methanol-absorbing HPLC-grade PTFE filter 
(0.22 micron pore size). The final volume of the extract was 
around 550 µl (0.55 ml), as methanol and little amount of 
water were absorbed by PTFE filter.

Structural integrity and fold of purification of rapamycin 
was determined by mass spectroscopy-electrospray ioniza-
tion (MS-ESI-TOF) method. Initial purification of rapamy-
cin was carried out in HPLC and the purified sample was 
injected into mass spectrometer (LC–ESI-MS-QTOF, Maxis 
Impact, Bruker Daltonics). Around 200 µl of purified sam-
ple was injected through auto-injector (Kd Scientific, USA). 
Result was analysed by compass data analysis software 
whereas online mass peak data acquisition was carried out 
by “Otof control”. Smart formula of all the related masses 
can also be generated with the software. Standard rapamy-
cin sample (1 mg, > 99.999% purified, Sigma-Aldrich) was 
injected into the instrument followed by sample extract of 
5th and 6th day of fermentation. Total run time for both 
the culture was around 2 min. Data scan started at 80 m/z 
(where m is the molecular mass of analyte and z is the net 
charge) and continued up to 1300 m/z to determine the most 
appropriate parent ion for rapamycin (Earla et al. 2012). Dry 
heater temperature was set at 180 °C and ionization polarity 
was positive throughout the analysis.

Results and discussion

Kinetic study of rapamycin in bioreactor using 
potent mutant strain S. hygroscopicus NTG‑30‑27

The objective of the research work was to study the effect 
of some factors on the growth kinetics of mutant strain S. 
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hygroscopicus NTG-30-27 in bioreactor. Major factors that 
influence the microbial growth are sugar concentration, tem-
perature, pH and oxygen transfer rate. The effect of sugar 
concentration, temperature and pH were studied extensively 
in shake flask where the determination of oxygen transfer 
rate was carried out in laboratory-scale fermenter. Growth 
and production kinetic studies were carried out with param-
eters optimized previously in our lab (Dutta et al. 2017).

Cell growth kinetics

The specific growth rate (µ) was determined from the slope 
of the regression line of the plot of ln(Xt/Xo) vs t during 
the exponential phase noting that µ remains constant dur-
ing the exponential growth (Jagannath and Ramachandran 
2010). µ was calculated experimentally, and the value was 
found to be 0.04 h−1 as depicted in Fig. 1. It is observed 
that specific growth rate increases with residual substrate 
concentration up to a certain value beyond which it starts 
to decrease. Analysis of specific growth rate under different 
substrate concentration conditions suggested that it regu-
lates the growth rate of microorganism. Various unstructured 
kinetic models were tested and compared in this study to 
find out the best possible model for the analysis of S. hygro-
scopicus growth pattern. Models used in this study were 
Monod, Andrews, Aiba, etc. Experimental data have been 
fitted to different unstructured models and were analysed 
using GraphPad Prism 6 software.

Monod and Andrew’s kinetic models

The specific growth rate during fermentation time interval 
has been fitted initially to Monod equation (Monod, 1949) 
to generate kinetic parameters, namely maximum specific 
growth rate (µmax) and saturation constant (Ks) and is shown 
in Fig. 2. � =

�maxS
KS+S

, where µmax is the maximum specific 

growth rate  (hr−1), Ks is the saturation constant (g/l) in 
Monod equation, S is residual substrate concentration (g/l) 
and µ is specific growth rate  (hr−1). The values of kinetic 
parameters such as µmax and Ks were found to be equal to 
0.03096 h−1 and 0.5329 g/l, respectively. The correlation 
coefficient (R2) was found to be 0.7674. Lower correlation 
coefficient value of Monod model using experimental data 
might be due to either product or substrate inhibition. Very 
few substrate inhibition models are reported in the literature 
for rapamycin production; hence, effect of substrate inhibi-
tion is only used for simulation purpose (Dutta et al. 2014; 
Schindler and Zäuhner 1973). Andrew’s model was found 
satisfactory as the experimental data fitted well in the model 
equation (Eq.  1) with higher regression coefficient 
(R2 = 0.9981) as indicated in Fig. 3.

Value of inhibition constant (Ki) was found to be very 
low (Ki~ 0.009 g/l) and thus can be neglected. Lower Ki 
value (Ki~ 0.00534 M) was also reported in the literature 
for chlorothricin production by Bacillus stearothermophilus 
(Schindler and Zäuhner 1973).

Fig. 1  Growth curve for S. hygroscopicus NTG-30-27 and specific growth rate determination plot

Fig. 2  Plot of the specific growth rate vs. residual substrate concen-
tration using Monod model for S. hygroscopicus NTG-30-27
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Different biokinetic parameters, i.e. maximum specific 
growth rate (µmax), doubling time (td) and saturation constant 
(Ks) were found to be 0.03985 h−1, 17.39 h and 2.076 g/l, 
respectively. From the data obtained, it is quite interesting 
that the value of specific growth rate for Andrew’s model 
(0.039 h−1) agreed well with our experimental µ (0.04 h−1).

Similar kinetic study of rapamycin production was car-
ried out with wild-type Streptomyces hygroscopicus MTCC 
4003 in a 3-L fermenter (working volume 2.2 L) (Dutta et al. 
2014). For wild-type strain, Andrew’s model was also found 
to fit the experimental data well since R2 value was obtained 
around 0.9849 (Dutta et al. 2014). Values of μmax, KS and Ki 
were found to be 0.0083 h−1, 2.835 g/l and 0.073 g/l, respec-
tively. It was found that specific growth rate of wild-type 
organism was very low (µmax= 0.008 h−1) with doubling time 
of 86.625 h. It can be easily predicted that low cell activity 
during the end of fermentation time can be one possibil-
ity of slower growth and lower production of rapamycin by 
wild-type organism (Lu et al. 2011b). The average YX/S value 
for wild type was calculated to be 0.107 g g−1 whereas for 
mutant strain it was around 0.290 g g−1.

Rapamycin production kinetics

The fermenter was operated with a constant impeller speed 
of 300 rpm for 8 consecutive days. Dissolved oxygen (DO) 
plays a vital role in rapamycin production. The air flow 
rate was kept constant at 1 LPM throughout the fermen-
tation process. Initially, DO was set at 100% at the time 
of inoculation, while during the lag phase microorgan-
isms did not start to utilize the nutrient source present 
the media. However, when the fermentation entered log 
phase, dissolved oxygen concentration rapidly decreased 
as a result of increase in oxygen demand by the cells. 
Therefore, the dissolved oxygen level drops and finally 
reached a certain stationary value. Subsequently, the DO 
level was maintained above 30% of saturation level all the 
time. Final rapamycin yield was found to be 531.4 mg/l 
on its 5th day of fermentation. Around 1.68-fold (from 
315 mg/l to 531 mg/l) higher yield was obtained in the 
reactor than shake flask study (Dutta et al. 2017). Higher 
production of rapamycin by mutant strain than wild type 
may be possible due to increased activity of enzymes 
responsible for antibiotic production upon UV irradiation 
or using chemical mutagen (Lu et al. 2011b). This can 
also be attributed to the fact that higher transcription and 
translation may also be responsible for enhanced mac-
rolide yield (Lu et al. 2011b). Combined kinetic study of 
growth, substrate utilization as well as production of rapa-
mycin by mutant strain of S. hygroscopicus NTG-30-27 is 
described in Fig. 4. It clearly shows that the exponential 
phase of growth is very crucial for rapamycin production 
(Sánchez and Brana 1996; Zhu et al. 2010). The synthesis 
of rapamycin was noticed after 48 h of incubation and 
reached a maximum at 120 h. Similar trends were also 
reported in the literature (Lee et al. 1997; Xu et al. 2005). 
Rapamycin production was observed to increase rapidly 
during the end of the exponential phase and early station-
ary phase (Xu et al. 2005).

Fig. 3  Plot of the specific growth rate vs. residual substrate concen-
tration using Andrew’s model for S. hygroscopicus NTG-30-27

Fig. 4  Combined kinetics study 
of mutant strain S. hygroscopi-
cus NTG-30-27
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Product formation kinetics

Luedeking–Piret model was used for the determination of 
growth-associated ( � ) and non-growth-associated ( � ) prod-
uct formation coefficients during rapamycin production. 
Globally, this model is already used for different antibiotic 
production, i.e. daptomycin from Streptomyces roseosporus 
and actinorhodin from Streptomyces coelicolor [180, 209]. 
Value of � for both the cases was found to be “non-zero” as 
depicted in Fig. 5 which indicates that antibiotic produc-
tion is growth associated. The result is in good accordance 
with rapamycin production by wild-type strain which reports 
that rapamycin synthesis started on exponential phase and 
continued up to late stationary phase (Dutta et al. 2014). 
Value of specific production rate  (qp, mg/g-hr−1) was plotted 
against specific growth rate (µ) and the equation obtained 
is Y = 35.03X + 0.0512 with regression coefficient (R2) of 
0.9942. � was calculated from the slope of the graph whereas 
the intercept value indicated � . Figure 5 clearly indicates that 
rapamycin production is half growth associated with alpha 
and beta values of 35.03 mgrap/gcell-hr and 0.0512 mgrap/
gcell-hr−1, respectively. In case of pleuromutilin production, 
� value was found to be 161.04 mg-product/g-cell/hr, which 
indicates that antibiotic production is growth associated 
(Benkortbi et al. 2007). The overall pattern of experimental 
values with simulated model indicates that Andrew’s and 
Luedeking–Piret models described the mechanism of cell 
growth, substrate inhibition and product formation phenom-
ena satisfactorily. Table 1 represents all biokinetic param-
eters for mutant strain obtained from the present research 
work with their level of significance.

Determination of volumetric mass transfer 
coefficient (KLa)

KLa determination was carried out using dynamic gas-
sing out method with NTG-30-27 mutant organism in Lark 
hygiene 3-L fermenter. We have used integral as well as 

differential methods for the calculation of volumetric mass 
transfer coefficient obtained from the fermentation run. 
Unlike bacterial growth, S. hygroscopicus growth rate is 
meagre as observed from our kinetic analysis. Hence, oxy-
gen consumption rate was also very low just after the inocu-
lation of active culture in the reactor. CL value was measured 
automatically using a chart recorder in every 30-min interval 
during “air-off” condition. A linear fall of dissolved oxygen 
concentration was observed up to 300 min, where the  O2 ten-
sion was just above critical oxygen concentration (~ 30%) of 
the broth. The digital signal value of dissolved oxygen (DO) 
was converted to ppm by the following formula:

where C* is the saturation oxygen concentration in the broth 
(~ 8 mg/l), CL is the oxygen concentration at any point of 

(5)
C ∗ ×CL

CL0
,

Fig. 5  Luedeking–Piret model for product formation kinetics

Table 1  Biokinetic parameters for mutated strain S. hygroscopicus 
NTG-30-27

Bio-kinetic parameter Values for mutant 
strain NTG-30-27

Xmax (g/l) 12.29
X0 (g/l) 0.59994
µmax (/hr) 0.03985
td (/hr) 17.39
Ki (g/l) 0.009
Ks (g/l) 2.076
α (mg rap/g cell-hr) 35.03
β (mg rap/g cell-hr) 0.0512
Pmax (mg/l) 531.4
KLa (/hr) 54.53

Table 2  Relationship between DO concentration and time at air-off 
condition

Time (min) CL (unit) (C* × CL)/CL0 
(mg/l)

0 465.5 8.00
30 435.5 7.48
60 419.8 7.21
90 396 6.81
120 375.4 6.45
150 362.3 6.23
180 349 6.00
210 344 5.91
240 340 5.84
270 334.4 5.75
300 318 5.47
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time during de-oxygenation step and CL0 is the oxygen con-
centration at time ‘t’ = 0. At the beginning of experiment, 
CL0 = CL = C* = 8 mg/l.

Table 2 describes the change in dissolved oxygen concen-
tration (mg/l) with time during “air-off” condition. CL values 
were plotted against time, and  QO2X was calculated from the 
slope of the graph which was found to be 0.0079 g/l-s−1 as 
illustrated in Fig. 6.

Re-aeration was started after 300 min and continued for 
2 h until the value reached to saturation state. Sufficient 
aeration and agitation was needed for KLa estimation. How-
ever, very high aeration can increase shear force on the cell 
which may result in reduced antibiotic titer (Yinliang et al. 
1999). KLa was calculated by plotting CL against (dCL/
dt + QO2X) at different time intervals. A linear relation-
ship was obtained, i.e. Y = − 1.1002X + 7.9946 with higher 
regression coefficient (R2) of 0.97. Reciprocal of the slope 
is around 0.909 min. Hence, KLa value was found to be 
54.31 h−1 at 300 rpm as depicted in Fig. 7.

To the best of our knowledge, a very few study was con-
ducted worldwide for the determination of KLa during rapa-
mycin production using S. hygroscopicus in bioreactor. It 
has been noticed that during biosurfactant production by 

Streptomyces sp. R1, researchers have obtained KLa around 
50.94 h−1 in a 3-L fermenter which is quite supportive for 
this study (Zambry et al. 2017). Hence, it is quite apparent 
that agitation at 250–400 rpm is desirable for higher anti-
biotic production. Cruz et al. (1999) used a neural network 
technique to determine KLa for cephalosporin antibiotic 
production by Cephalosporium acremonium. They have 
estimated KLa to be around 69.92 h−1 in a 5-L fermenter 
(Cruz et al. 1999). Air flow rate was around 0.8–1.0 vvm 
throughout the whole fermentation run which was found to 
be significant for higher rapamycin yield. Oxygen transfer 
rate can be considered as one of the important parameters 
for maximal production of rapamycin in batch STR opera-
tion and can be controlled by employing both aeration and 
agitation for better product formation. Scale-up studies are 
performed for the measurement of KLa from shake flask to 
laboratory-scale bioreactor and from lab-scale bioreactor to 
pilot plant, and successively to industrial level. As dissolved 
oxygen is the rate-limiting factor because of its less solubil-
ity in the aqueous solutions, it affects the cell growth and 
concentration of products in the aerobic fermentation (Çalik 
et al. 2003).

Purification and characterization of rapamycin

To the best of our knowledge, effective purification and 
characterization of rapamycin is necessary for some spe-
cific applications (kidney transplantation, injecting into mice 
model, immunosuppressant, etc.).

After HPLC analysis, 531.4 mg/l of rapamycin concentra-
tion was obtained with mutant strain S. hygroscopicus NTG-
30-27. However, rapamycin concentration in crude extract 
was found to be 430 mg/l. Hence, after extraction, amount of 
pure rapamycin present in 550 µl sample was around

However, before methanol extraction, amount of rapa-
mycin present was

Hence, the % of purification is 
(

0.29227

0.3225

)

× 100% = 90.62%.

.

Characterization of rapamycin

LC–MS study was carried out for the determination of struc-
tural integrity and analysis of molecular mass for standard 
as well as extracted rapamycin. Both the samples showed a 
dominant peak at molecular mass of 936 D. After analysing 
molecular mass, it can be predicted that in both the cases 

(

531.4 × 0.55

1000

)

mg = 0.29227 mg.

(

430 × 0.75

1000

)

mg = 0.3225 mg.

Fig. 6  Determination of  QO2*X 

Fig. 7  KLa estimation by dynamic gassing out method
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(standard and sample), rapamycin was detected in the ESI-
TOF as sodium adduct ion [M+ Na+] (Earla et al. 2012; 
Rosu et al. 2006; Vidal et al. 1998). Use of sodium acetate 
buffer as LC mobile phase is advantageous because it never 
clogs the peak tubes and aseptic seals in the column (Earla 
et al. 2012). Also, they are more stable in positive ionization 
mode. It can be a possible cause for sodium adduct peak in 
rapamycin chromatogram as depicted in Fig. 8. Subtracting 
23 amu from 936 D gives our product of interest, i.e. rapa-
mycin  (C51H79NO13 ~ 914 D).

Conclusion

Rapamycin is produced by different strains of Streptomyces 
hygroscopicus around the world and its low yield limits the 
large-scale industrial production. Therefore, proper knowl-
edge of nutritional requirements and kinetic behaviour of 
the organism needs to be studied thoroughly for the maxi-
mum output of this immunosuppressant drug. In the present 

research work, enhanced production of rapamycin followed 
by its kinetics, purification and characterization study by the 
mutated strain of Streptomyces hygroscopicus NTG-30-27 
were investigated.

To generate higher rapamycin yield, an experiment was 
carried out in a 3-L fermenter with S. hygroscopicus NTG-
30-27 mutant strain. Final rapamycin yield was found to be 
531.4 mg/l on its 5th day of fermentation which is 6.7-fold 
higher than the wild-type strain S. hygroscopicus MTCC 
4003. Kinetic model analysis was carried out to define 
various biokinetic parameters obtained during rapamycin 
production. An extensive investigation was carried out to 
describe the kinetics of cell growth, substrate utilization 
and product formation in a batch reactor system. Evalu-
ation of biokinetic parameters was carried out using best 
fit unstructured model. Nonlinear regression analysis 
was taken into consideration for computational purpose. 
Andrew’s kinetic model showed comparatively better R2 
value among all tested models. The values of maximum 
specific growth rate (µmax), doubling time (td), saturation 

Fig. 8  LC–MS chromatogram of rapamycin standard and extracted sample
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constant (KS), inhibition constant (KI) and yield coefficient 
(YX/S) were found to be 0.03985 h−1, 17.16 h, 2.076 g/l, 
0.009 g/l and 0.290 g g−1. Product formation pattern of 
rapamycin was analysed by Luedeking–Piret model. Non-
zero constant values signify that rapamycin is a mixed 
growth-associated product. KLa value 54.53 h−1 suggests 
that sufficient aeration, agitation and mass transfer took 
place during the fermentation process in the bioreactor. 
Purification of extracted sample was carried out by High-
performance liquid chromatography (HPLC) followed by 
mass spectroscopy (MS) analysis. Analysis of the chroma-
togram suggested that extracted rapamycin is sufficiently 
pure and no primary degradation product was found. 
Finally, around 90.62% of pure rapamycin was obtained 
from the study with a molecular mass of 936 D. Although 
very few literature studies are reported on S. hygroscopicus 
kinetic study, we have compared and validated our data 
with the available findings.

In the present research work, sufficient effort has been 
given to justify the research gaps on bioengineering aspects 
of rapamycin production. As a promising immunosuppres-
sant and potent multifunctional drug, scale-up study in a 
large-scale fermenter using cheap raw material will be very 
helpful to produce it in a cost-effective manner.
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