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EFFECTS OF CULTIVATION PARAMETERS
ON BACTERIAL NANOCELLULOSE PRODUCTION
BY KOMAGATAEIBACTER XYLINUS DSM 2325

Bacterial nanocellulose (BNC) is a high-value biopolymer with promising applications in biomedical
engineering, food technology, packaging, and advanced materials. However, industrial implementation
remains constrained by relatively low production yields and the sensitivity of cellulose biosynthesis to
cultivation conditions. In the present study, the combined effects of temperature, initial pH, ethanol con-
centration, and sodium lactate concentration on BNC production by Komagataeibacter xylinus (K. xyli-
nus) DSM 2325 under agitated cultivation conditions were investigated using a four-factor Box—Behnken
design coupled with Response Surface Methodology (RSM). Twenty-nine experimental runs were con-
ducted, and BNC yield was evaluated as dry cellulose production. The highest experimental yield (0.446
g/L) was obtained at 30 °C, pH 6, 2% (v/v) ethanol, and without sodium lactate supplementation.
Analysis of variance demonstrated that temperature, pH, and sodium lactate significantly affected BNC
production, whereas ethanol showed no statistically significant linear effect. The developed quadratic
model was significant (p = 0.0001) with an R? value of 0.7752. Numerical optimization predicted opti-
mal cultivation conditions of 24.4 °C, pH 4.57, 2% ethanol, and 0.04% sodium lactate, corresponding
to a predicted yield of 0.767 g/L. However, experimental validation revealed lower cellulose production
under optimized conditions than under the standard medium. Fourier-transform infrared spectroscopy
(FTIR) and X-ray diffraction (XRD) analyses confirmed the successful synthesis of chemically pure BNC
with a characteristic cellulose | crystalline structure. Scanning electron microscopy (SEM) was used to
evaluate the surface morphology and fibrillar network structure of the bacterial nanocellulose samples.
These findings demonstrate the importance of experimental validation when applying statistical optimi-
zation approaches to BNC production systems.

Keywords: bacterial nanocellulose, Komagataeibacter xylinus, response surface methodology, Box—
Behnken design, ethanol, sodium lactate, optimization.

A.M. beakoxaes', 'l. HeymbiBakmH', P.H. TyaeeBa'?,

M. MycaaumoBa'?, I'. EaemecoBa'?, I'. Haprus'?, I'. ToaeyTai'?
'CoT6aeB yHunBepcuteTi, [€0AOTUS >koHe MyHait-ras ici MHCTUTYTbI, AAMaTbl, KasakcraH
DKeTinAIpiAreH MaTepranaap FblAbIMU-3epTTey MHCTUTYTbI, AAMaThl, KasakctaH
3TenHeccn yHmnBepcuTeTi, AKLL
“e-mail: a.belkozhayev@satbayev.university

Komagataeibacter xylinus DSM 2325 witambIHbIH, 6aKTEPUSIABIK
HAHOLLEAAIOAO3A BHAIPYiHE Bcipy NapameTpAepiHiH, acepi

bakTepusaabik HaHoueAAloAO3a (BH) — 61MoMeAMLIMHAABIK, MHXKEHEPUSAQ, TaFaM TEXHOAOTUSICbIHAR,
KanTaMa eHAIPICIHAE >KBHe 3aMaHayu MaTepuaspap >kacayha KeH KOAAAHY OAeyeTiHe Me >KOofapbl
KYHAbI GUornoAMMep. AAanmAa OHbIH BHEPKACINTIK AEHIEMAE OHAIPIAYI CaAbICTbIPMaAbl TYPAE TOMEH
OHIMAIAIKNEH >KOHE LEAAIOAO32 OMOCUMHTE3IHIH ©cipy >KaFAarAapbliHa >KOFapbl TayeAAiAirimMeH
wekTeAeai. Ocbl 3epTTEYAE apaAacTbIpbin 6cCipy >KaraanbiHaa Komagataeibacter xylinus DSM 2325
LITaMbIHbIH, 6AKTEPUSIABIK, HAHOLEAAIOAO3A BHAIPYiHE TemrepaTypaHbliH, 6acTankbl pH MaHiHIH, 3TaHOA
KOHLIEHTPALMSICbIHBIH, >X8HE HAaTPWii AAKTaTbl KOHLEHTPAUMSACBIHbIH GipAeckeH acepi TepT haKTOPAbI
Bokc—beHkeH >kocnapbl MeH >xayan 6eTi aaicHamacbiH (Response Surface Methodology, RSM) koaaaHy
apKbIAbl 3epTTeAal. bapAbiFbl 29 Taxipube >xyprisiain, BH wWbIFbiMbl KypFak, LEAAIOAO3A MOALLEpi
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GaranaHAbl. EH >xorapbl Taxipnbeaik eHimaiaik (0,446 r/aA) 30 °C TemnepaTypasa, pH 6 MaHIHAE,
2% (keAem/KeAeM) STAaHOA KaTbICbIHAQ XKOHE HATPMIA AaKTaTbiH KOCMa ©CipiAreH XarAaliAa aAbIHAbI.
AVCNepCcusiAblK, TaAAQY HBTMXKeAepi TemnepaTypaHbiH, pH MeHiHIH »8He HaTpmit AakTaTbiHbiH BNC
OHAIPIAYiHE eAeyAl acep eTeTiHIH KepCeTTi, aA STAHOAAbIH CbI3bIKTbIK, 8Cepi CTaTUCTUKAAbIK, TYPFblAQH
MaHbI3Abl 60AMaAbl. KypbiAFaH KBaAPaTMKTIK MOAEAb CTAaTUCTMKAABIK, MaHbI3Abl 60AAbI (p = 0,0001),
aA AeTepmuHaums KoadduumenTti R* = 0,7752 kypaabl. CaHAbIK, OHTaMAQHABIPY HoTuXKeciHAe 24,4
°C temnepartypa, pH 4,57, 2% 3taHoA xaHe 0,04% HaTpuil AaKTaTbl XKaFAalAapbl OHTaMAbl Aen 6OA-
>kaHbin, BNC wbifbiMbl 0,767 /A 60AaAbl Aen ecenTenai. Aaanaa Taxipmnbeaik Tekcepy GapbiCbiHAA
OHTAMAQHADBIPbIAFAH YKaFAQMAAPAQ AAbIHFaH LIEAAIOAO3A MOALLEPi CTAaHAAPTTbl KOPEKTIK opTara Kapa-
FaHAQ TemMeH 60AAbI. Dypbe TYPAEHAIPYAT MHpakbI3biA criekTpockonust (FTIR) sxeHe peHTreHAiK And-
pakumsaAbik, Taasay (XRD) HeTmxKeAepi XMMUSABIK, TYPFblAQH Ta3a >KeHe LeAAoAo3a | TuniHe ToH Kpuc-
TaAAbIK, KypblAbiMbl 6ap BNC crHTesaeAreHin pactaabl. COHbIMEH KaTap CKaHEepAeyLli SAEKTPOHADIK,
Mukpockonms (SEM) aaici apkbiAbl GaKTEPUSIAbIK, HAHOLIEAAIOAO3A YATIAEPIHIH 6eTKi MOP(OAOTMSIChbI
MeH (OUOPUAASIPABIK, TOP KYPbIAbIMbI 38PTTEAAI. AAbIHFAH HOTMXKEAEP OAKTEPUSIAbIK, HAHOLIEAAIOAO3A
OHAIPY XYMNeAepiH OHTaMAQHABIPY KE3IHAE CTAaTUCTUKAABIK MOAEABAEPAI MIHAETTI TYpPAE ToXiprbeAik
TeKCepyMeH pacTayAblH MaHbI3AbIAbIFbIH KOPCETEAI.

Ty#in ce3aep: 6akTepusAbIK HaHOLEAAIOAO3a, Komagataeibacter xylinus, >xayan 6eTi 8aicHamachl,
bokc—beHkeH >Kocnapbl, 3TAHOA, HATPWII AAKTaTbl, OHTANAQHABIPY.
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BAusiHMe nMapaMeTpoB KYAbTUBMPOBAHMS HA MPOAYKLMIO
6akTepuarbHOM HAHOLLEAAIOAO3bI LITaMMOM Komagataeibacter xylinus DSM 2325

bakTepunanbHasi HaHoueAAloAo3a (BH) npeacTaBasieT coboi BbICOKOLIEHHbI GUOMOAMMED C LUM-
POKMMM MEepPCrekTrBamMmn NMPUMeHeHNs B OUOMEANLIMHCKON MHXKEHEPWM, MULLEBbIX TEXHOAOTMSIX, yna-
KOBOUHbIX MaTepuaAax M COBPeMeHHbIX (DYHKLMOHaAbHbIX MaTepuarax. OAHAKO eé MPOMbILLUAEHHOe
NMPOM3BOACTBO MO-TMPEXHEMY OrPAHMYEHO CPAaBHUTEABHO HU3KMMM BbIXOAAMM MPOAYKTA M BbICOKOM
YYBCTBUTEABHOCTbIO BMOCKMHTE3A LIEAAIOAO3bI K YCAOBMSIM KYABTUBMPOBaHUS. B HacTosiem nccaepo-
BAHMM C UCMOAb30BaHMEM YeTbIPEX(AKTOPHOro naaHa bokca—beHkeHa 1 METOAOAOTMM MOBEPXHOCTU
oTkAMKa (Response Surface Methodology, RSM) n3yueHo coBMecTHOe BAMSIHME TeMMepaTypbl, HauYaAb-
HOro 3HaueHust pH, KOHLEHTpaLMM 3TaHOAQ U KOHLLEHTPALIMM AaKTaTa HaTpUsi Ha MPOAYKLMIO 6akTepu-
AAbHOW HaHOLIEAAIOAO3bI WTammMoM Komagataeibacter xylinus DSM 2325 B yCAOBUSIX KYAbTUBMPOBaHUS
C nepemeLurBaHmem. bbIn0O NMpoBeaeHO 29 3KcnepMMeHTaAbHbIX cepuid, a Bbixoa BNC oueHnBaam no
KOAMYECTBY CYXOM LEAAIOAO3bl. MaKCHMMaAbHbIN 3KCMEpPUMEHTaAbHbIN Bbixoa (0,446 r/A) GblA MOAY-
yeH npn Temneparype 30 °C, pH 6, coaep>kaHnm sTaHoAa 2% (06. /06.) 1 oTcyTCTBUM AOGABAEHMS
AaKTaTa HaTpus. AMCNEPCUOHHDIN aHaAM3 MOKA3aA, YTO TemnepaTypa, pH 1 AakTaT HaTpms OKasbiBaloT
CTATMCTUYECKM 3HAUMMOE BAMSHME Ha MPOAYKLMIO BH Toraa kak AnMHenHbIn apeKkT 3TaHOAQ OKa3aAcs
CTaTUCTMYECKM He3HauMMbIM. PaspaboTaHHas KBaapaTUUHas MOAEAb OblAd CTAaTUCTUYECKM 3HAUYMMOM
(p = 0,0001) npu KoahpuumeHTe aetepmrHaumm R? = 0,7752. YncaeHHas onTuMmM3aumns npeackasana
ONMTUMAAbHblE YCAOBUS KYAbTUMBMPOBaHMS: Temniepatypa 24,4 °C, pH 4,57, 2% 3TaHoAa 1 0,04% Aak-
TaTa HaTPWS, YTO COOTBETCTBOBAAO MPOrHO3MpyeMoMy BbIxoAy 0,767 r/A. O AHAKO 3KCriepuMeHTaAbHas
npoBepKa rnokasaaa 60oAee HM3KYI0 MPOAYKLMIO LLEAAIOAO3bI B ONMTUMM3MPOBAHHBIX YCAOBMSIX MO CpaB-
HEHWIO CO CTaHAAPTHOM CpeAOi. AHAAM3 METOAOM MH(PPAKPACHOM CreKTPOCKoNnMu ¢ npeobpasoBa-
Hnem Dypbe (FTIR) 1 peHtreHosckon amdpakumm (XRD) NOATBEPAMA YCMELLIHbIA CUHTE3 XMMUYECKM
UYMCTON HAKTEPUMAABHOI HAHOLIEAAIOAO3bI C XapaKTEPHOM KPUCTAAAMUYECKON CTPYKTYPOI LIEAAIOAO3bI |.
AAS OLLEHKM MOP(OAOTMM MOBEPXHOCTU U CTPYKTYPbl (hMOPUAASPHOI CceTU 06pasLioB GakTepraabHOM
HaHOLLEAAIOAO3bI OblAA MCMOAb30BaHa CKaHMPYIOLLAs SAEKTPOHHas MUKpockonus (SEM). ToayueHHble
pe3yAbTaTbl AEMOHCTPUPYIOT BaXKHOCTb 3KCMEPUMEHTAAbHOM BAaAMAALIMM CTATUCTUYECKMX MOAXOAOB
npu ONTUMM3aLMKU NPOLLECCOB MPOU3BOACTBA GAKTEPUAABHOM HAHOLIEAAIOAO3bI.

KAtoueBble cAoBa: GakTepmasbHasi HaHOLEAAIOAO3a, Komagataeibacter xylinus, MeToaoAOrMsl MO-
BEPXHOCTU OTKAMKA, NAaH bokca—beHkeHa, 3TaHOA, AaKTaT HaTpus, ONTUMM3ALMS.
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Effects of cultivation parameters on bacterial nanocellulose production by Komagataeibacter xylinus DSM 2325

Introduction

BNC is a unique extracellular polysaccharide
produced by several acetic acid bacteria, particularly
members of the genus Komagataeibacter (Almeida
et al., 2021; Barja, 2021). BNC possesses excep-
tional physicochemical properties, including high
purity, mechanical strength, biocompatibility, bio-
degradability, and water-holding capacity, making it
a promising material for biomedical, food, packag-
ing, and engineering applications (Phatchayawat et
al.,2025; R etal., 2021). A major advantage of BNC
over plant-derived cellulose is its intrinsic purity, as
it is synthesized without lignin, hemicellulose, or
other plant-associated contaminants (Dager-Lopez
et al., 2024). Among BNC-producing microorgan-
isms, K. xylinus is considered one of the most effi-
cient cellulose producers and has therefore become a
model organism for studying bacterial cellulose bio-
synthesis (Ryngajtto et al., 2020; Ryngajtto, Kubiak,
et al., 2019). The strain K. xylinus DSM 2325 pos-
sesses a well-characterized cellulose synthase sys-
tem and demonstrates the ability to produce highly
crystalline cellulose with excellent structural prop-
erties (Jang et al., 2019). Nevertheless, large-scale
industrial implementation of BNC remains limited
by relatively low productivity and the high cost of
cultivation media. Consequently, optimization of
cultivation conditions represents one of the most
important approaches for improving the economic
feasibility of bacterial cellulose production (Sayah
et al., 2025; Skaradzinski et al., 2025). The produc-
tion of BNC is strongly influenced by environmental
and nutritional factors, including temperature, pH,
dissolved oxygen availability, carbon source com-
position, and the presence of metabolic stimulators
(Chen et al., 2019). Temperature and pH directly
affect bacterial growth, enzyme activity, and the
regulation of cellulose biosynthesis pathways (Li et
al., 2022). Previous studies have shown that even
small deviations from optimal cultivation conditions
may significantly reduce cellulose yield and alter
the morphology of the resulting material. Therefore,
identifying optimal physicochemical conditions is
essential for maximizing productivity (El-Naggar et
al., 2025; Rackov et al., 2025). In addition to con-
ventional medium components, several metabolic
additives have been reported to enhance bacterial
cellulose production (Mongkolchat et al., 2026).
Ethanol is one of the most extensively studied sup-
plements and has been shown to stimulate cellulose
biosynthesis in various Komagataeibacter strains
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(Montenegro-Silva et al., 2024). The beneficial ef-
fect of ethanol is commonly attributed to its role as
an auxiliary energy source and its ability to redirect
carbon metabolism away from gluconic acid forma-
tion, thereby increasing the availability of carbon
precursors for cellulose synthesis (Pagliardini et al.,
2013; Sun et al., 2020). However, the magnitude of
this effect is highly strain-dependent and may vary
according to cultivation conditions (Barborakova et
al., 2025). Organic acids and their salts have also re-
ceived attention as potential modulators of bacterial
cellulose production (Revin et al., 2018; Revin et al.,
2021). Sodium lactate can influence cellular metab-
olism by serving as an alternative carbon source and
affecting intracellular redox balance. Furthermore,
lactate supplementation may alter medium buffering
capacity and cellular energy metabolism, potentially
influencing cellulose biosynthesis (Hu et al., 2025;
Lasagni et al., 2024). Despite these potential ben-
efits, information regarding the combined effects of
sodium lactate and ethanol on BNC production un-
der agitated cultivation conditions remains limited
(Kumar & Han, 2021). Agitated cultivation systems
offer several advantages over conventional static
fermentation, including improved oxygen transfer,
enhanced nutrient distribution, and easier scale-up
for industrial applications (Zhou et al., 2018). How-
ever, agitation also introduces hydrodynamic stress
that may affect bacterial physiology, cellulose mor-
phology, and overall productivity (Céceres et al.,
2025). As a result, optimization strategies developed
for static cultivation are often not directly applicable
to agitated systems. Understanding the interactions
among environmental and nutritional factors under
agitation therefore remains an important challenge
for industrial BNC production (Dayou et al., 2026;
Kamal et al., 2022). RSM has become a widely used
statistical tool for optimizing complex bioprocesses
because it enables simultaneous evaluation of mul-
tiple variables and their interactions while reducing
the number of required experiments (Kanmani et al.,
2013). Among RSM approaches, the Box—Behnken
Design (BBD) provides an efficient framework for
developing predictive models and identifying opti-
mal cultivation conditions. This methodology has
been successfully applied to optimize medium com-
position, fermentation parameters, and metabolite
production in various microbial systems (Behravan
& Hashemi, 2021; Sakr et al., 2026). Therefore,
the aim of the present study was to investigate the
combined effects of temperature, initial pH, etha-
nol concentration, and sodium lactate concentration
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on BNC production by K. xylinus DSM 2325 under
agitated cultivation conditions. A Box—Behnken ex-
perimental design coupled with Response Surface
Methodology was employed to evaluate factor in-
teractions, establish a predictive model, and iden-
tify optimal cultivation conditions. In addition, the
physicochemical properties of the produced BNC
were characterized using FTIR, XRD and SEM.

Materials and methods

Microorganism and Cultivation Conditions

The BNC-producing strain K. xylinus DSM
2325 was used throughout this study. The strain was
maintained on Hestrin—Schramm (HS) agar medium
and cultivated aerobically under laboratory condi-
tions.

Batch cultivation experiments were conducted
in 500 mL Erlenmeyer flasks containing 100 mL
of production medium. The basal HS-medium con-
sisted of glucose (20 g/L), yeast extract (5 g/L), and
peptone (5 g/L). The initial pH of the medium was
adjusted according to the experimental design us-
ing phosphate or phosphate—citrate buffer systems.
Ethanol and sodium lactate were supplemented at
concentrations specified by the Box—Behnken ex-
perimental design, with ethanol varying from 1 to
2% (v/v) and sodium lactate from 0 to 2% (w/v).

For inoculum preparation, K. xylinus DSM 2325
was pre-cultivated for 72 h under identical nutri-
tional conditions. Optical density at 600 nm (OD, )
may yield inaccurate readings, as bacterial cellulose
attenuates the incident light and thereby confounds
turbidity-based estimation of cell density. Inoculum
pre-cultivation was carried out under static condi-
tions to prevent the shear-induced conversion of
cellulose-producing (Cel®) cells into non-producing
(Cel”) mutants prior to the main agitated experi-
ments (Hur et al., 2020). Subsequently, 5 mL of the
seed culture was transferred aseptically into each
production flask. Cultivation was performed in an
orbital shaking incubator at 120 rpm for 120 h. De-
pending on the experimental run, temperature and
pH values were varied according to the optimization
matrix. All experiments were conducted under aero-
bic conditions, and BNC production was evaluated
as dry cellulose yield (g/L) after purification and
drying procedures.

Experimental Design and Statistical Analysis
A four-factor Box—Behnken Design (BBD) was
employed to evaluate the effects of: Temperature

(°C); Initial pH; Ethanol concentration (% v/v); So-
dium lactate concentration (% w/v) on BNC produc-
tion. Response Surface Methodology was applied
using Design-Expert 13.0.5.0 software to establish a
second-order polynomial model describing the rela-
tionship between process variables and BNC yield.
Prior to model fitting, the BNC yield response was
subjected to a natural-logarithmic transformation, In
(Y + 0.0025), to stabilise variance across the wide
range of experimental values. Consequently, the re-
gression coefficients and the mean response value
reported below (Table 3) refer to this transformed
(In-scale) response rather than to the untransformed
yield in g/L.

The following second-order quadratic regres-
sion model was used to describe the relationship
between the response and the investigated factors:

Y=+ ZJB:'X:' +ZJB:':'X:': +Zﬁi}'X='X}'
i ii ij

where Y is the predicted value of the transformed re-
sponse; X; n X; are the coded values of the indepen-
dent factors. The coefficients for regression, linear,
quadratic, and interaction are shown by the sym-
bols B, B, B.. ,B,.j, respectively. Analysis of variance
(ANOVA) was performed to determine statistical
significance. Model adequacy was evaluated using
R?, adjusted R?, predicted R?, coefficient of variation
(CV), Adeq Precision, and lack-of-fit statistics. All
ANOVA computations were performed using Stat-
Ease 360 V25.0.1 software.

Bacterial Nanocellulose Recovery and Yield
Determination

Following cultivation, BNC was separated from
the culture broth by filtration and subjected to an
alkaline purification procedure to remove bacterial
cells, residual nutrients, and other medium-derived
impurities. The collected cellulose samples were
treated with 0.1 M NaOH at 80 °C for 1 h under con-
tinuous heating. Subsequently, the purified material
was thoroughly washed with distilled water until a
neutral pH was reached.

Purified BNC samples were frozen and freeze-
dried for 48 h at a condenser temperature of -60 °C
under full vacuum to obtain a constant dry weight.
The dry mass of BNC was determined gravimetri-
cally using an analytical balance. BNC yield was
expressed as grams of dry BNC per liter of culture
medium (g/L).
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The validation experiments were performed in
triplicate, and the results are presented as mean +
standard deviation (SD). The coefficient of variation
(CV) was calculated to evaluate the reproducibility
of the cultivation process under different experi-
mental conditions.

Physicochemical Characterization of Bacterial
Nanocellulose

The chemical structure and purity of the ob-
tained BNC samples were evaluated using Fouri-
er-transform infrared spectroscopy coupled with
attenuated total reflectance (FTIR-ATR). Spectra
were recorded on Agilent Cary 630 FTIR spectrom-
eter over the range of 4000-650 cm™ at a spectral
resolution of 4 cm!, with 32 scans averaged for both
the background and the sample. Characteristic ab-
sorption bands corresponding to hydroxyl (O-H),
aliphatic (C—H), and glycosidic (C—O—C) functional
groups were identified and compared with previous-
ly reported cellulose spectra to confirm the success-
ful production and purification of BNC. The result-
ing absorbance-versus-wavenumber spectra were
processed in OriginPro 2015 V9.2.214 software, in-
cluding baseline correction and smoothing to reduce
high-frequency noise.

The crystalline structure of cellulose I and the
crystallinity index of the BNC were evaluated by
XRD using a Bruker D8 Advance diffractometer
with Cu-Ka radiation (A = 1.5406 A). Diffracto-
grams were recorded over a 20 range of 5-60° at
a generator current of 40.0 mA. The diffraction
patterns were analyzed to identify characteristic
cellulose I crystalline peaks and to evaluate the
preservation of the native cellulose structure. The
crystallinity index (Crl) was calculated using DIF-
FRAC.EVA V5.2 software from the integrated ar-
eas of crystalline and amorphous regions of the dif-
fractograms and used as an indicator of structural
order within the cellulose matrix. The XRD patterns
were plotted in Origin Pro 2015 V9.2.214 without
additional processing.

The surface morphology and fibrillar network
structure of the BNC samples were examined by
SEM. Micrographs were acquired on a JEOL JSM-
7000 scanning electron microscope. The samples
were mounted on aluminum stubs (12/25 mm di-
ameter) using conductive double-sided carbon tape,
and excess particles were removed with a gentle
stream of dry air; no conductive coating was ap-
plied, as imaging was performed in low-vacuum
mode. Topographic images were obtained with a
low-vacuum secondary electron (LV-SE) detector at
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5-10 kV (medium probe size, 4-8 frames averaged),
and compositional contrast was recorded with a
backscattered electron (BSE) detector at 10-15 kV,
over a magnification range of x100 to x2,000. The
morphology was evaluated in terms of the dimen-
sions of the fibrillar network, pore structure, fiber
aggregation, homogeneity, and the presence or ab-
sence of residual bacterial cells.

Results and their discussion

Effects of Cultivation Parameters on BNC Pro-
duction

The effects of temperature, initial pH, ethanol
concentration, and sodium lactate concentration on
BNC production by K. xylinus DSM 2325 were in-
vestigated using a Box—Behnken experimental de-
sign consisting of 29 experimental runs. Consider-
able variation in BNC yield was observed among the
tested conditions, indicating that cellulose production
was influenced by the combined effects of the investi-
gated factors rather than by a single parameter alone.
The experimental BNC yield ranged from 0.001 to
0.446 g/L. The highest yield was obtained in run 19,
where cultivation was performed at 30 °C, pH 6, 2%
(v/v) ethanol, and without sodium lactate supplemen-
tation, resulting in a BNC yield of 0.446 g/L. Similar-
ly, run 24 produced 0.407 g/LL BNC under cultivation
at 30 °C, pH 6, 1% (v/v) ethanol, and without sodium
lactate. In contrast, the lowest yields were generally
observed at elevated pH values (pH 8) and higher
temperatures (38 °C), where cellulose production was
almost completely suppressed (Table 1).

The distribution of BNC yields across all experi-
mental runs is presented in Figure 1. The results dem-
onstrate a clear tendency toward enhanced cellulose
biosynthesis under moderately acidic conditions and
intermediate cultivation temperatures. These obser-
vations suggest that K. xylinus DSM 2325 is highly
sensitive to environmental conditions, particularly
pH and temperature, which directly affect cellular
metabolism and cellulose synthase activity.

Although ethanol showed no statistically sig-
nificant linear effect in the ANOVA model (p =
0.7428), the highest experimental BNC yields were
observed in cultivation runs containing 1-2% (v/v)
ethanol and no sodium lactate supplementation.
This observation suggests that the influence of etha-
nol on cellulose biosynthesis may depend on inter-
actions with other cultivation parameters rather than
on an independent linear effect. Sodium lactate sig-
nificantly influenced BNC production according to
ANOVA analysis (p = 0.0470); however, increased
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lactate concentrations did not consistently enhance  ing that its effect was dependent on interactions with
cellulose yield. The highest BNC production was  temperature and pH rather than direct stimulation of
obtained in the absence of sodium lactate, suggest-  cellulose biosynthesis.

Table 1
Box—Behnken experimental design matrix and observed and predicted bacterial nanocellulose yields

Sodium lactate, % Predicted response value,

Ne Temperature, °C pH  Ethanol, % (v/v) Wiv) BNC, g/l gL

1 30 6 1,5 1 0.029 0.092
2 30 4 2 1 0.156 0.093
3 30 8 1 1 0.001 0.004
4 22 4 1,5 1 0.137 0.203
5 22 8 1,5 1 0.003 0.000
6 22 6 2 1 0.130 0.080
7 30 6 1,5 1 0.065 0.092
8 38 6 2 1 0.003 0.006
9 30 4 1 1 0.225 0.091
10 30 6 2 2 0.294 0.054
11 30 6 1,5 1 0.081 0.092
12 30 6 1,5 1 0.076 0.092
13 30 6 1,5 1 0.120 0.092
14 38 6 1,5 0 0.001 0.012
15 38 4 1,5 1 0.002 0.000
16 30 4 1,5 2 0.006 0.021
17 30 8 1,5 2 0.001 0.006
18 22 6 1,5 2 0.011 0.037
19 30 6 2 0 0.446 0.191
20 22 6 1,5 0 0.112 0.136
21 30 8 2 1 0.001 0.007
22 38 6 1,5 2 0.001 0.002
23 30 4 1,5 0 0.235 0.376
24 30 6 1 0 0.407 0.156
25 38 6 1 1 0.003 0.005
26 30 6 1 2 0.108 0.043
27 30 8 1,5 0 0.002 0.004
28 38 8 1,5 1 0.008 0.000
29 22 6 1 1 0.082 0.065
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Figure 1

Yield distribution of bacterial nanocellulose obtained under different experimental conditions

Number of data: 29
20 —
Number of bins:
current: 5
default 5

Frequency

0.001

Comparison of bacterial morphology under
different cultivation conditions revealed notable
differences in cell shape and organization. Cells
cultivated under agitated conditions exhibited a
more elongated morphology compared with those
grown under static conditions. This observation
may reflect physiological adaptation to hydrody-
namic stress and altered oxygen transfer condi-
tions. Furthermore, agitation influenced the physi-
cal appearance of the produced cellulose, resulting
in dispersed cellulose aggregates rather than the
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continuous pellicles typically observed during stat-
ic cultivation (Figure 2).

The results indicate that BNC production by K.
xylinus DSM 2325 is strongly dependent on the in-
teraction between physicochemical and nutritional
factors. The substantial variation in yield observed
among experimental runs justified the subsequent
application of response surface methodology to
identify statistically significant factors and deter-
mine the optimal cultivation conditions for maxi-
mizing BNC production.
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Figure 2

Morphological comparison of K. xylinus DSM 2325 cultivated under static and agitated conditions

Development of the RSM Model

Analysis of variance (ANOVA) demonstrated
that the developed quadratic model was statistically
significant (p = 0.0001), confirming its suitability
for describing the relationship between cultivation
parameters and BNC production (Table 2). Among
the investigated variables, temperature and pH ex-
erted the strongest influence on cellulose biosyn-
thesis, with both factors showing highly significant
effects (p < 0.01). Sodium lactate also significantly
affected BNC production (p = 0.0470), whereas eth-
anol concentration alone did not exhibit a statisti-
cally significant linear effect within the investigated
range. Nevertheless, the highest experimental yields
were achieved in the absence of sodium lactate, in-
dicating that the statistically significant effect of this

Table 2
ANOVA for the quadratic response surface model

factor was not necessarily associated with increased
cellulose production.

The quadratic model describing the nonlinear
relationships between the response and the studied
factors, with statistically significant values of p =
0.0001 and F = 7.28, is represented by the following
equation:

Y =112.36-1.13A— 1.27B + 0.0972C —
~0.6203D + 1.02AB + 0.0903BC +
+0.7697BD — 1.37A% - 1.27B?,

where Y is the predicted value of the transformed re-
sponse, In (BNC+0,0025); A4 is the temperature (°C);
B is the initial pH; C is the ethanol concentration
(v/v); D is the sodium lactate concentration (w/v).

Source of variation ssquurgr(g fl::egdr(f::’ (:iff Sl:]/llf::le F-value p-value Note
Model 67.02 9 7.45 7.28 0.0001 Statistically significant
A-Temperature 15.28 1 15.28 14.93 0.0010 Statistically significant
B-pH 19.32 1 19.32 18.89 0.0003 Statistically significant
C-Ethanol 0.1134 1 0.1134 0.1108 0.7428 Not statistically significant
D-Sodium lactate 4.62 1 4.62 4.51 0.0470 Statistically significant
AB 4.16 1 4.16 4.07 0.0580 Not statistically significant
BC 0.0327 1 0.0327 0.0319 0.8601 Not statistically significant
BD 2.37 1 2.37 2.32 0.1445 Not statistically significant
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Continuation of the table

Source of variation ssqqu:rzz fl::taggsfrf, ‘:iff 51:1/[::11 F-value p-value Note
A? 12.90 1 12.90 12.61 0.0021 Statistically significant
B2 11.12 1 11.12 10.87 0.0038 Statistically significant
Residual error 19.44 19 1.02 — — —
Lack of fit 18.44 15 1.23 4.94 0.0670 Not statistically significant
Pure error 0.9963 4 0.2491 — — —
Adjusted total 86.45 28 — — — —

The quadratic model exhibited acceptable good-
ness-of-fit, with an R? value of 0.7752, demonstrat-
ing that 77.5% of the observed variation in BNC
production could be explained by the selected pro-
cess variables. The adjusted R? (0.6687) indicated
satisfactory agreement between the model and ex-
perimental data, whereas the predicted R? (0.2900)
suggested limited predictive accuracy. Neverthe-
less, an adequate precision value 0of 9.097, which ex-

Figure 3

ceeded the recommended threshold of 4, confirmed
that the model provided an adequate signal for navi-
gating the design space.

Prior to model interpretation, a Box—Cox trans-
formation analysis was performed to evaluate the
necessity of response transformation. The resulting
Box—Cox plot indicated that the selected transfor-
mation adequately stabilized variance and improved
model performance (Figure 3).

Box—Cox plot for power transformation selection of bacterial nanocellulose yield response

Box-Cox Plot for Power Transforms

1.83333 —

0.666667 —

0.5 —

Ln(ResidualSs)

-1.66667 —

-2.83333 —

-3.65493
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Model adequacy was further assessed using di-
agnostic plots (Figure 4). The normal probability
plot of residuals demonstrated an approximately
linear distribution, indicating normality of residu-
als. The predicted versus actual values plot showed

reasonable agreement between experimental obser-
vations and model predictions. Additionally, residu-
als were randomly distributed around zero without
obvious patterns, suggesting homoscedasticity and

independence of experimental errors.
Figure 4

Diagnostic plots of the developed quadratic model: (A) normal probability plot of externally studentized residuals; (B) predicted
versus actual values; (C) residuals versus predicted values; and (D) residuals versus run number
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Response surface analysis revealed a strong in-
teraction between pH and temperature. Maximum
predicted BNC production was observed at mod-
erately acidic pH values and intermediate cultiva-

Figure 5

tion temperatures. The response surface plot clearly
demonstrated the existence of an optimum region
rather than a simple linear relationship between fac-
tors and cellulose yield (Figure 5).

Response surface and contour plots illustrating the interactive effects of temperature and pH on bacterial nanocellulose production
by K. xylinus DSM 2325 at fixed ethanol (2%, v/v) and sodium lactate (0%, w/v) concentrations

BNC (g/1)

A: Temperature (°C)

Optimization and Experimental Validation

Based on numerical optimization, the RSM
model predicted optimal cultivation conditions
of 24.4 °C, pH 4.57, 2% (v/v) ethanol, and 0.04%
(w/v) sodium lactate, with a predicted BNC yield of
0.767 g/L.

Experimental validation, however, revealed that
the predicted optimum did not produce the highest
observed cellulose yield. Instead, the standard cul-
tivation medium generated a higher average BNC
yield (0.2203 g/L) than the optimized conditions
(0.1737 g/L), while also exhibiting considerably
lower variability (Table 3).

The coefficient of variation increased from
12.8% under standard conditions to 38.6% under
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BNC (g/L)

A: Temperature (°C)

optimized conditions, indicating reduced process
reproducibility. These findings emphasize the im-
portance of experimental validation and suggest
that the actual optimum may lie within a narrower
region around pH 5.5-6.5 and temperatures be-
tween 24 and 30 °C. Using this region and the RSM
model, the Design-Expert 13 software identified, as
the most optimal solution, a combination of factors
corresponding to a temperature of 26.0 °C, an initial
pH of 5.5, an ethanol concentration of 2% (v/v), and
the absence of sodium lactate. Under these condi-
tions, the model predicted a bacterial cellulose yield
of 0.685 g/L with a desirability function of 0.989,
which fully satisfied the specified optimization cri-
teria within the constrained factor space (Figure 6).
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Table 3
Experimental validation of predicted optimum conditions

. . Batch conditions (with stirring Individual values, = Mean yield, °
Experiment series at 120 rpm) o/L, oL, SD, g/LL CV, %
Temperature 30 °C. 10.2530
Standard medium (ST) pHS7, 2) 0.2050 0.2203 0.0283 12.8
ethanol 0% (v/v), 3)0.2030
sodium lactate 0% (w/v) '
Temperature 24.4 °C, 1)0.1120
Predicted optimized pH 4.57, ’
conditions (OPT) ethanol 2% (v/v), 5; 8?228 0.1737 0.0670 38.6
sodium lactate 0.04% (w/v) '
Figure 6

Plot of desirability and bacterial cellulose yield following narrowing of the optimization region
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FTIR Characterization

The FTIR spectra of BNC samples produced
under standard (BNC ST) and optimized cultivation
conditions (BNC OPT) are presented in Figure 7.
The spectra included the following main absorp-
tion bands: a broad region at 3330-3350 cm™' cor-
responds to O—H stretching vibrations of hydroxyl
groups and hydrogen bonds; the band near 2890—
2920 cm! corresponds to C—H stretching vibrations;
the band near 1620-1640 cm™ is associated with
the bending vibrations of absorbed water; the bands
near 1430-1450 cm™, 1370-1335 cm™, and 1160
cm™! are associated, respectively, with CH; bending
vibrations, C-H/O—H bending vibrations, and C-O—
C stretching vibrations of the cellulose backbone.

Peaks in the range of 1050-1030 cm™ indicate
C-O stretching vibrations, while a weak band in

6.5

A: Temperature (°C)

the range of 896-900 cm™ confirms the presence
of B-1,4-glycosidic bonds of cellulose. In addition,
low-wavenumber regions near 750 and 710 cm™!
were noted, associated with cellulose I allomorphs,
where 750 cm™ is attributed to triclinic cellulose Ta
and 710 cm™ to monoclinic cellulose If. The ab-
sence of pronounced bands in the 1700—1740 cm™!
region indicates the absence of residual carbonyl
compounds, organic acids, and nutrient-medium
impurities. Thus, FTIR analysis confirmed that
the obtained samples correspond to the chemical
structure of bacterial nanocellulose. Furthermore,
compared with the BNC ST sample, the BNC OPT
sample showed more intense signals in the finger-
print region (1500-650 cm™), and especially near
990 cm™, indicating more pronounced polysaccha-
ride vibrations.
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Figure 7

ATR-FTIR spectra of bacterial nanocellulose samples
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XRD Analysis nized cellulose production observed under agitation

The crystalline structure of BNC was examined
using X-ray diffraction analysis. The diffraction pat-
terns obtained for both samples are shown in Figure
8. Characteristic diffraction peaks corresponding to
cellulose I were observed at approximately 14.5°,
16.5°, 18°, and 22.7° (20), confirming preservation
of the native crystalline cellulose structure. No ad-
ditional diffraction peaks associated with contami-
nating phases were detected, indicating effective
purification of the cellulose material.

Quantitative analysis of the diffractograms
yielded crystallinity index (Crl) values of 40.6%
for the BNC synthesized under standard conditions
(BNC ST) and 35.7% for the BNC synthesized under
the RSM-predicted optimal conditions (BNC OPT).
Thus, although both samples retained the cellulose I
structure, cultivation under the optimized condition
which contained 2% (v/v) ethanol produced cellu-
lose with a lower degree of crystalline order. This
reduction is consistent with reports that ethanol ac-
celerates -1,4-glucan chain assembly and, together
with medium acidification by gluconic acid, can
decrease the ordered packing of cellulose micro-
fibrils, thereby increasing the amorphous fraction
(Abraham et al., 2025; Fatima et al., 2023). These
Crl values are also markedly lower than the 70-90%
typically reported for bacterial nanocellulose, which
is consistent with the generally low and poorly orga-
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in the present study.

The observed crystalline structure is consistent
with previously reported BNC and contributes to its
desirable mechanical strength, dimensional stability,
and potential applicability in advanced biomaterials.

SEM Characterization

The morphology of freeze-dried BNC synthe-
sized in the standard (ST) and optimized media
(OPT) was examined by SEM at identical magni-
fication (x3000). Representative micrographs are
presented in Figure 9.

Figure 9a (BNC ST) reveals a compact and
highly aggregated morphology. The cellulose matrix
appears as dense, coalesced layers with pronounced
folds, ridges, and sheet-like structures. Individual
nanofibrils cannot be clearly distinguished because
they are fused into a continuous film-like network.
The interfibrillar porosity is relatively low, indicating
extensive fibril aggregation during biosynthesis and
subsequent freeze-drying. Several elongated cavities
and cracks are also visible, which may have originat-
ed from dehydration-induced shrinkage and partial
delamination of the cellulose layers. Such compact
morphology is commonly associated with reduced
oxygen transfer within the cellulose matrix and with
the formation of thicker cellulose bundles under cul-
tivation conditions that favor rapid fibril aggregation.
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Figure 8

XRD diffractograms of bacterial nanocellulose produced under standard and optimized cultivation

conditions
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In contrast, Figure 9b (BNC OPT) exhibits a
markedly different microstructure characterized by
a well-developed three-dimensional nanofibrillar
network. Individual ribbon-like cellulose fibrils are
clearly visible and form an interconnected porous
scaffold. The fibrils appear thinner, more uniformly
distributed, and less aggregated than those observed
in the standard sample. Numerous interfibrillar voids
and channels are present throughout the structure,
indicating increased porosity and a greater specific
surface area. This morphology is characteristic of
high-quality bacterial nanocellulose and is generally
considered advantageous for applications requiring
efficient mass transfer, water absorption, cell attach-
ment, or loading of functional compounds.

The observed differences between Figures 9a
and 9b suggest that cultivation conditions strongly
influenced the supramolecular organization of cel-
lulose fibrils. Under the optimized conditions, the
lower cultivation temperature (24.4 °C), moderately
acidic pH (4.57), supplementation with ethanol (2%
v/v), and low sodium lactate concentration (0.04%
w/v) likely altered bacterial metabolism and cellu-
lose assembly dynamics. Slower metabolic activity
may have promoted a more controlled extrusion and
organization of glucan chains, resulting in the for-
mation of thinner and better separated nanofibrils.

40 50 60

20(9)

At the same time, ethanol could serve as an auxiliary
energy source, reducing carbon loss through com-
peting metabolic pathways and supporting more
uniform cellulose biosynthesis.

The SEM observations are also consistent with
the physicochemical characterization results. Al-
though the optimized sample exhibited a lower crys-
tallinity index than the standard sample according to
XRD analysis (35.7% vs. 40.6%), it demonstrated a
more open and homogeneous fibrillar architecture.
This finding indicates that increased fibril individu-
alization and network development do not neces-
sarily correspond to higher crystallinity. Instead,
the optimized cultivation conditions promoted the
formation of a finer nanofibrillar structure with im-
proved morphological uniformity while partially re-
ducing crystalline ordering.

Overall, SEM analysis confirmed that cultiva-
tion parameters significantly affect the microstruc-
ture of bacterial nanocellulose produced by K. xyli-
nus DSM 2325. The standard medium generated a
dense, compact cellulose matrix, whereas the opti-
mized medium produced a more porous and inter-
connected nanofibrillar network, demonstrating that
process optimization influences not only cellulose
yield but also the structural characteristics of the re-
sulting biomaterial.
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Figure 9
SEM micrographs (x 3000 magnification) of freeze-dried bacterial nanocellulose produced by K. xylinus
DSM 2325: (a) BNC synthesized under standard cultivation conditions (BNC ST); (b) BNC synthesized
under optimized cultivation conditions (BNC OPT). Scale bar = 5 um

The present study demonstrated that BNC pro-
duction by K. xylinus DSM 2325 under agitated cul-
tivation conditions was strongly influenced by the
interaction of physicochemical and nutritional fac-
tors. Among the investigated variables, temperature
and pH exerted the greatest influence on cellulose
biosynthesis, which is consistent with previous re-
ports indicating that these parameters directly af-
fect bacterial growth, cellulose synthase activity,
and carbon metabolism (Chen et al., 2019; Li et al.,
2022). The highest experimental BNC yields were
observed at 30 °C and pH 6, confirming that mod-
erately acidic conditions favor cellulose formation.

Although ethanol did not exhibit a statistically
significant linear effect in the ANOVA model, the
highest cellulose yields were obtained in cultivation
runs containing 1-2% ethanol. Similar observations
were reported by Ryngajtto, Jacek, et al. (2019), who
demonstrated that ethanol supplementation modifies
the transcriptional profile of Komagataeibacter and
can enhance cellulose biosynthesis depending on
cultivation conditions. Ethanol may reduce carbon
loss through gluconic acid formation and improve
the availability of precursors for cellulose synthesis.
However, the magnitude of this effect appears to be
strain-dependent and strongly influenced by envi-
ronmental conditions.

Sodium lactate significantly affected BNC
production according to the statistical model, yet
the highest experimental yields were obtained in
its absence. This discrepancy suggests that lactate
influenced cellulose production indirectly through
interactions with temperature and pH rather than
through direct stimulation of cellulose biosynthe-
sis. Similar complexity has been reported for other
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metabolic additives, where statistically significant
model effects do not necessarily translate into im-
proved product formation under all cultivation
conditions.

The developed RSM model explained approxi-
mately 77.5% of the variability in BNC production.
Although the model was statistically significant, its
predictive performance was moderate, as reflected
by the relatively low predicted R? value (0.2900).
Furthermore, experimental validation did not con-
firm the predicted optimum. The optimized condi-
tions generated a lower average BNC yield than the
standard medium. Similar discrepancies between
predicted and experimental optima have been re-
ported in microbial bioprocess optimization stud-
ies and are often attributed to biological variabil-
ity, nonlinear metabolic responses, and limitations
of second-order polynomial models (Behravan &
Hashemi, 2021; Kanmani et al., 2013)

A further consideration is the generally very low
absolute BNC yields obtained in this work (maxi-
mum 0.446 g/L), which are well below the values
commonly reported for static cultivation of Kom-
agataeibacter (typically several g/L). This is charac-
teristic of agitated cultivation of K. xylinus, in which
hydrodynamic shear stress promotes the irreversible
conversion of cellulose-producing (Cel*) cells into
non-producing (Cel™) mutants through insertion of
an IS element into the besA gene (Hur et al., 2020).
Such stochastic loss of cellulose-producing capac-
ity is consistent with the elongated cell morphology
observed under agitation and with a shift of carbon
flux towards soluble polysaccharides such as acetan
rather than crystalline cellulose (Zhang et al., 2022).
This mechanism offers a biological explanation both
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for the predominance of near-zero yields across the
design and for the poor reproducibility (high coef-
ficient of variation) that limited the predictive per-
formance of the RSM model.

FTIR analysis confirmed the presence of char-
acteristic cellulose functional groups, while XRD
analysis demonstrated the preservation of the cel-
lulose I crystalline structure. The diffraction peaks
observed near 14.5°, 16.5°, and 22.7° are consistent
with previous reports for bacterial nanocellulose
produced by Komagataeibacter species. These re-
sults indicate that neither ethanol nor sodium lactate
supplementation altered the fundamental chemical
structure of the produced cellulose. However, the
crystallinity index decreased from 40.6% to 35.7%,
indicating that the ethanol-containing optimized
condition reduced the degree of crystalline order
while preserving the cellulose I polymorph. Ethanol
at a concentration of 2% (v/v) affected not only the
rate of bacterial cellulose biosynthesis by K. xylinus
DSM 2325 but also the spatial organization of cel-
lulose fibrils, as evidenced by SEM images and a
reduction in crystallinity.

The findings indicate that temperature and pH
are the primary determinants of BNC production
by K. xylinus DSM 2325 under agitation, whereas
the effects of ethanol and sodium lactate depend on
interactions with other cultivation parameters. The
study also highlights the necessity of experimental
verification when applying statistical optimization
methods to biological production systems.

Conclusion

This study systematically evaluated the com-
bined effects of temperature, initial pH, ethanol
concentration, and sodium lactate supplementation
on BNC production by K. xylinus DSM 2325 un-
der agitated cultivation conditions using Response
Surface Methodology (RSM) and a Box—Behnken
experimental design. The results demonstrated that
BNC biosynthesis is governed by complex interac-
tions among environmental and nutritional factors,
with temperature and pH emerging as the most in-
fluential variables affecting cellulose production.
Statistical analysis confirmed the significance of the
developed quadratic model, while response surface
analysis revealed the presence of a distinct optimum
region for cellulose biosynthesis under agitation.
Among all experimental conditions, the highest
BNC yield (0.446 g/L) was obtained at 30 °C, pH
6, 2% (v/v) ethanol, and in the absence of sodium
lactate supplementation. Although sodium lactate

was identified as a statistically significant factor in
the ANOVA model, its influence on cellulose pro-
duction was inconsistent, as the highest experimen-
tal yields were achieved without lactate addition.
Similarly, ethanol did not exhibit a significant linear
effect but appeared to contribute to enhanced cel-
lulose production under specific cultivation condi-
tions, highlighting the importance of factor inter-
actions rather than isolated parameter effects. The
discrepancy between the RSM-predicted optimum
and the experimentally validated results emphasizes
the limitations of purely model-based optimization
approaches in biological systems. These findings
demonstrate that statistical optimization should al-
ways be complemented by experimental verifica-
tion, particularly when working with complex mi-
crobial metabolic processes. Furthermore, FTIR and
XRD analyses confirmed the successful synthesis of
chemically pure bacterial nanocellulose possessing
the characteristic functional groups and crystalline
cellulose I structure, whereas SEM analysis revealed
changes in the morphological structure of the cellu-
lose. The preservation of these structural features in-
dicates that the investigated cultivation parameters
affected cellulose yield without substantially alter-
ing the fundamental chemical composition or crys-
tallinity of the produced material. Overall, this work
contributes to a deeper understanding of the factors
regulating bacterial nanocellulose production by K.
xylinus DSM 2325 under agitated cultivation con-
ditions. The obtained results provide valuable in-
formation for future medium optimization studies,
bioprocess development, and industrial scale-up of
bacterial nanocellulose production. Future research
should focus on improving model predictability,
investigating additional metabolic stimulators and
carbon sources, and evaluating process performance
in pilot-scale bioreactor systems to further enhance
BNC productivity and economic feasibility.
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