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Abstract

Raman spectroscopy has gained popularity to monitor multiple process indicators simultaneously in biopharmaceutical pro-

cesses. However, robust and specific model calibration remains a challenge due to insufficient analyte variability to train the

models and high cross-correlation of various media components and artefacts throughout the process. Therefore, a systematic

Raman calibration workflow for perfusion processes enabling highly specific and fast model calibration was developed. A harvest

library consisting of frozen harvest samples from multiple CHO cell culture bioreactors collected at different process times was

established, capturing process variability as widely as possible. Model calibration was subsequently performed in an offline

setup using a flow cell by spiking process harvest with various sugars known to modulate glycosylation patterns of monoclonal

antibodies. In a screening phase, Raman spectroscopy was proven capable not only to distinguish glucose, raffinose, galactose,

mannose, and fructose in perfusion harvest, but also to quantify them independently in process relevant concentrations. In

a second phase, a robust and highly specific calibration model for simultaneous glucose (RMSEP = 0.32 g/L) and raffinose

(RMSEP = 0.17 g/L) real-time monitoring was generated and verified in a third phase during a perfusion process. The proposed

offline calibration workflow allowed proper Raman peak decoupling, reduced calibration time from months down to days and

can potentially be applied to other analytes of interest including lactate, ammonia, amino acids, or product titer.
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    Regression Modeling
 - Model criteria acceptable?

Spike AOI to harvest library 

Online-monitoring bioreactor
   - AOI spikes into bioreactor
   - Sampling for reference analytics

      Reference Analytics
- Model prediction acceptable?
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  - PLS modeling possible?
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- Concentration too low
- Culture matrix not favourable

In
cr

ea
se

 C
al

ib
ra

tio
n 

D
at

a

  Model veri�ed
- Monitor bioreactor runs
- Realize Feedback Loops 
 

In
iti

al
 S

cr
ee

ni
ng

M
od

el
 C

al
ib

ra
tio

n
M

od
el

 V
er

i�
ca

tio
n

yes

no

In
cr

ea
se

 C
al

ib
ra

tio
n 

D
at

a

no

no

yes

yes

2



P
os
te
d
on

A
u
th
or
ea

21
A
p
r
20
22

—
T
h
e
co
p
y
ri
gh

t
h
ol
d
er

is
th
e
au

th
or
/f
u
n
d
er
.
A
ll
ri
gh

ts
re
se
rv
ed
.
N
o
re
u
se

w
it
h
ou

t
p
er
m
is
si
on

.
—

h
tt
p
s:
//
d
oi
.o
rg
/1
0.
22
54
1/
au

.1
65
05
15
60
.0
47
76
68
0/
v
1
—

T
h
is

a
p
re
p
ri
n
t
a
n
d
h
a
s
n
o
t
b
ee
n
p
ee
r
re
v
ie
w
ed
.
D
a
ta

m
ay

b
e
p
re
li
m
in
a
ry
.

PC3 (4%)
0.4

0.2
0.0

0.2

PC4 (2%)

0.2

0.0

0.2

PC
5 

(1
%

)

0.2

0.0

0.2

(A) Raffinose Galactose Mannose Fructose

PC5 (1%)

0.2
0.0

0.2 PC1 (69%)
1.00.50.00.51.01.5

PC
2 

(1
9%

)

0.8

0.6

0.4

0.2

0.0

0.2

0.4

0.6

0.8

(B)

4
5
6
7
8
9
10
11
12

Gl
uc

os
e 

[g
/L

]

450 500 550 600 650 700 750 800 850 900 950 1000 1050 1100 1150 1200 1250 1300 1350 1400 1450 1500 1550 1600 1650 1700 1750 1800
Raman Shift Wavenumbers [cm 1]

1

0

1

In
te

ns
ity

(A) Glucose

450 500 550 600 650 700 750 800 850 900 950 1000 1050 1100 1150 1200 1250 1300 1350 1400 1450 1500 1550 1600 1650 1700 1750 1800
Raman Shift Wavenumbers [cm 1]

1

0

1

In
te

ns
ity

(B) Raffinose

450 500 550 600 650 700 750 800 850 900 950 1000 1050 1100 1150 1200 1250 1300 1350 1400 1450 1500 1550 1600 1650 1700 1750 1800
Raman Shift Wavenumbers [cm 1]

1

0

1

In
te

ns
ity

(C) Galactose

450 500 550 600 650 700 750 800 850 900 950 1000 1050 1100 1150 1200 1250 1300 1350 1400 1450 1500 1550 1600 1650 1700 1750 1800
Raman Shift Wavenumbers [cm 1]

1

0

1

In
te

ns
ity

(D) Mannose

450 500 550 600 650 700 750 800 850 900 950 1000 1050 1100 1150 1200 1250 1300 1350 1400 1450 1500 1550 1600 1650 1700 1750 1800
Raman Shift Wavenumbers [cm 1]

1

0

1

In
te

ns
ity

(E) Fructose

4

6

8

10

12

Co
nc

en
tra

tio
n 

[g
/L

]

0

2

4

6

8

10

Co
nc

en
tra

tio
n 

[g
/L

]

0

1

2

3

4

Co
nc

en
tra

tio
n 

[g
/L

]
0

1

2

3

4

Co
nc

en
tra

tio
n 

[g
/L

]

0

1

2

3

4

Co
nc

en
tra

tio
n 

[g
/L

]

3



P
os
te
d
on

A
u
th
or
ea

21
A
p
r
20
22

—
T
h
e
co
p
y
ri
gh

t
h
ol
d
er

is
th
e
au

th
or
/f
u
n
d
er
.
A
ll
ri
gh

ts
re
se
rv
ed
.
N
o
re
u
se

w
it
h
ou

t
p
er
m
is
si
on

.
—

h
tt
p
s:
//
d
oi
.o
rg
/1
0.
22
54
1/
au

.1
65
05
15
60
.0
47
76
68
0/
v
1
—

T
h
is

a
p
re
p
ri
n
t
a
n
d
h
a
s
n
o
t
b
ee
n
p
ee
r
re
v
ie
w
ed
.
D
a
ta

m
ay

b
e
p
re
li
m
in
a
ry
.

Raman Chamber

Spiked Harvest Waste

Pump

kg

Glucose

Ra�nose

(A)

kgkgkg

Harvest Harvest

kgkg

Harvest Harvest

(B)

Harvest Library -80°C

(C)

(D)

(E)

PC1 (43%)
3

2
1

0
1

2
3

PC3 (16%) 1.1
0.6

0.1
0.4

PC2 (36%
)

1.1

0.6

0.1

0.4

0.9

1.4

(A)
Glucose Raffinose Combined

4 6 8 10 12
Glucose [g/L]

0

2

4

6

8

10

Ra
ffi

no
se

 [g
/L

]

(B)

PC1 (43%)
3

2
1

0
1

2
3

PC3 (16%) 1.1
0.6

0.1
0.4

PC2 (36%
)

1.1

0.6

0.1

0.4

0.9

1.4

(C)

3

4

5

6

7

8

9

10

11

12

Gl
uc

os
e 

[g
/L

]

PC1 (43%)
3

2
1

0
1 2 3

PC3 (16%) 1.1
0.6

0.1
0.4

PC2 (36%
)

1.1

0.6

0.1

0.4

0.9

1.4

(D)

0

1

2

3

4

5

6

7

8

9

10

Ra
ffi

no
se

 [g
/L

]

4



P
os
te
d
on

A
u
th
or
ea

21
A
p
r
20
22

—
T
h
e
co
p
y
ri
gh

t
h
ol
d
er

is
th
e
au

th
or
/f
u
n
d
er
.
A
ll
ri
gh

ts
re
se
rv
ed
.
N
o
re
u
se

w
it
h
ou

t
p
er
m
is
si
on

.
—

h
tt
p
s:
//
d
oi
.o
rg
/1
0.
22
54
1/
au

.1
65
05
15
60
.0
47
76
68
0/
v
1
—

T
h
is

a
p
re
p
ri
n
t
a
n
d
h
a
s
n
o
t
b
ee
n
p
ee
r
re
v
ie
w
ed
.
D
a
ta

m
ay

b
e
p
re
li
m
in
a
ry
.

0 1 2 3 4 5 6 7 8 9 10 11 12 13
Time [Day]

0
2
4
6
8

10
12

Co
nc

en
tra

tio
n 

[g
/L

]

(A)
RA1 RA2 GA1

GA2

Predictions CS1
Glucose
Raffinose

0 1 2 3 4 5 6 7 8 9 10 11 12 13
Time [Day]

0
2
4
6
8

10
12

Co
nc

en
tra

tio
n 

[g
/L

]
(B)

RA1 RA2 GA1

GA2

Predictions CS2
Glucose
Raffinose

0 1 2 3 4 5 6 7 8 9 10 11 12 13
Time [Day]

0
2
4
6
8

10
12

Co
nc

en
tra

tio
n 

[g
/L

]

(C)
RA1 RA2 GA1

GA2

Predictions CS3
Glucose
Raffinose

450 500 550 600 650 700 750 800 850 900 950 1000 1050 1100 1150 1200 1250 1300 1350 1400 1450 1500 1550 1600 1650 1700 1750 1800
Raman Shift Wavenumbers [cm 1]

1.0

0.8

0.6

0.4

0.2

0.0

0.2

0.4

0.6

0.8

1.0

Re
gr

es
sio

n 
Co

es
ffi

cie
nt

s

(A)
Glucose (G_CS1)
Glucose (G_CS2)
Glucose (G_CS3)

450 500 550 600 650 700 750 800 850 900 950 1000 1050 1100 1150 1200 1250 1300 1350 1400 1450 1500 1550 1600 1650 1700 1750 1800
Raman Shift Wavenumbers [cm 1]

1.0

0.8

0.6

0.4

0.2

0.0

0.2

0.4

0.6

0.8

1.0

Re
gr

es
sio

n 
Co

es
ffi

cie
nt

s

(B)
Raffinose (R_CS1)
Raffinose (R_CS2)
Raffinose (R_CS3)

5


